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A b s t r a c t  
We c o n t i n u e  t o  be p leased  w i t h  p rogress  on a model f o r  t h e  o r i g i n  o f  p ro -  
t e i n  syn thes is .  The e s s e n t i a l  f e a t u r e s  o f  t h e  model a r e  t h a t  5'-AMP and perhaps 
o t h e r  monor ibonuc leo t ides  can serve  as c a t a l y s t s  f o r  t h e  s e l e c t i v e  syn thes i s  o f  
L-based pep t ides .  A un ique s e t  o f  c h a r a c t e r i s t i c s  o f  5'-AMP i s  r e s p o n s i b l e  f o r  
t h e  s e l e c t i v e  c a t a l y s i s  and these  c h a r a c t e r i s t i c s  a r e  desc r i bed  i n  d e t a i l .  
The model i n v o l v e s  t h e  fo rmat ion  of d i e s t e r s  as i n t e r m e d i a t e s  and se lec -  
t i v i t y  f o r  use o f  t h e  L- isomer occurs  p r i n c i p a l l y  a t  t h e  s t e p  o f  f o rm ing  t h e  
d i e s t e r .  However, i n  t h e  f o rma t i on  o f  a c e t y l  phenylalanine-AMP monoester t h e r e  i s  
a  s e l e c t i v i t y  f o r  e s t e r i f i c a t i o n  by  t h e  D-isomer. Data showing t h i s  s e l e c t i v i t y  
i s  presented. T h i s  s e l e c t i v i t y  f o r  D-isomer d isappears  a f t e r  t h e  f i r s t  step. 
NMR s t u d i e s  have con f l rmed t h e  i d e n t i t y  of a l l  f o u r  o f  p o s s i b l e  d i e s t e r s  o f  
acety1-D- and -L pheny la l an ine  w i t h  5'-AMP. 
Some new d a t a  i s  a l s o  p resen ted  on t h e  p o s s i b l e  s t r u c t u r e  o f  t h e  2 '  isomer 
o f  acetyl-D-tryptophan-AMP monoester. The d a t a  u s i n g  f l uo rescence  and NMR show 
t h e  T rp  r i n g  can a s s o c i a t e  w i t h  t h e  adenine r i n g  more s t r o n g l y  when t h e  D-isomer 
i s  i n  t h e  2 '  p o s i t i o n  than  i t  can when i n  t h e  3 '  p o s i t i o n .  These same da ta  a l s o  
suggest a  m o l e c u l a r  mechanism f o r  t h e  f a s t e r  e s t e r i f l c a t l o n  o f  5'-AMP b y  
ace ty l -D-pheny la lan ine .  
We have a l s o  s t u d i e d  t h e  HPLC e l u t i o n  t imes  o f  a l l  f o u r  p o s s i b l e  a c e t y l  
d i p h e n y l a l a n i n e  e s t e r s  o f  5'-AMP, these p e p t l d y l  e s t e r s  w i l l  be p roduc t s  i n  ou r  
s t u d i e s  o f  p e p t i d e  f o rma t i on  on t h e  r i b o s e  o f  5'-AMP. 
Other  s t u d i e s  were on t h e  r a t e  o f  s yn thes i s  and t h e  i d e n t i t y  of t h e  p roduc t  
when p roduc ing  3'Ac-Phe-2'tBOC-Phe-AMP d i e s t e r .  HPLC p u r i f i c a t i o n  and iden-  
t i f i c a t i o n  of t h i s  p roduct  have been accomplished. We now w i l l  proceed t o  the  
study o f  k i n e t i c s  o f  pept ide  format ion from t h i s  d i e s t e r  and perhaps the  g l y c i n e  
d i e s t e r  a1 so. 
We have f i n a l i z e d  data  on the h y d r o l y s i s  o f  phenyl -3-propionic  acid-AMP 
anhydride as a f u n c t i o n  o f  pH. 
Our c o n t i n u i n g  s tud ies  on the e v o l u t i o n  o f  tRNA a r e  a l s o  discussed. 
EXPERIMENTAL 
Much of t he  work i n  the past  year  has concentrated on the behavior  o f  5'-AMP 
i n  e s t e r i f i c a t i o n  reac t i ons  w i t h  amino ac ids  and the  p r o p e r t i e s  o f  the  
amino a c i d  e s t e r s  of 5'-AMP. During the  course of the  year,  and a f t e r  several 
c h a r a c t e r i s t i c s  of t he  5'-AMP had been e luc ida ted ,  i t  became obvious t h a t  S'AMP, 
and probably 5'-GMP, cou ld  serve as a c a t a l y s t  f o r  the  s e l e c t i v e  synthesis  o f  L- 
based pept ides. 
The several  p r o p e r t i e s  o f  5'-AMP and i t s  aminoacyl es te rs  t h a t  a l l ow  t h i s  
s e l e c t i v e  syn thes is  of L-based pept ides were d iscovered i n  a sequence i n  which 
one f i n d i n g  l e d  t o  the  nex t  idea, etc.  The f i r s t  f i n d i n g  o f  importance was t h a t ,  
even though a l l  amino ac ids  cons tan t l y  migra te  between the  2' and 3 '  p o s i t i o n s ,  
g l y c i n e  and a l l  L-amino ac ids  d i s t r i b u t e  -67% t o  the  3 '  p o s i t i o n  and -33% t o  the 
2 '  p o s i t i o n ,  D-amino ac ids  d i s t r i b u t e  t o  the 3 '  p o s i t i o n  i n  a manner i n v e r s e l y  
r e l a t e d  t o  t h e i r  hyd rophob ic i t i es  (Lacey e t  a l ,  1988). This  proper ty ,  we pro- 
posed, was one o f  t he  reasons f o r  the  o r i g i n  o f  the  use o f  L-amino ac ids  i n  pro-  
t e i n  synthesis  and the  exc lus i ve  use o f  the  3 '  p o s i t i o n  o f  the  AMP res idue a t  
the  end o f  tRNA f o r  fo rmat ion  o f  the  pept ide  bond. 
Comparison ---- o f  Ac 0- and L-Phe e s t e r i f i c a t i o n  - o f 5'-AMP 
Rather unexpectedly some e a r l y  r e s u l t s  suggested t h a t  e s t e r i f i c a t i o n  o f  
5'-AMP w i t h  a racemic m ix tu re  o f  Ac-D-and L-Phe-imidazol ide gave a m i x t u r e  o f  
es te rs  which was 65% D-isomer and 35% L-isomer. Th is  was s u r p r i s i n g  s ince o ther  
r e s u l t s  suggested t h a t  separate ly  the two isomers seemed t o  reac t  w i t h  5'-AMP a t  
about the  same ra te .  However, we soon found t h a t  p repara t ions  o f  
Ac-Phe-imidazolide would racemize a f t e r  p repara t ion .  What t h i s  meant was t h a t  
a l though we would s t a r t  the reac t i on  w i t h  one pure isomer o r  the  o the r  we would 
even tua l l y  end up w i t h  a m ix tu re  o f  both. 
To ge t  a c l e a r e r  p i c t u r e  o f  what was happening we decided t o  prepare 
separa te ly  Ac-D- and L-Phe-imidazolides and s t o r e  them a t  room temperature, 
removing samples f rom each p e r i o d i c a l l y  and r e a c t i n g  them w i t h  5'-AMP f o r  f i v e  
minutes, s topping t h a t  reac t i on  and assaying the  e s t e r i f i c a t i o n  products by HPLC 
f o r  the  content  o f  D- and L-esters. As can be seen i n  Fig. 1, where we have 
p l o t t e d  the  percent  0-isomer as a f u n c t i o n  o f  t ime,  the  i n i t i a l  D-sample went 
down t o  -65% D and the  i n i t i a l  L-sample went up t o  -65% D a f t e r  about 6 hours. 
The f a c t  t h a t  bo th  samples came t o  the same % D suggests t h a t  we have a racemic 
mix i n  the  r e a c t i o n  b u t  t h a t  the e s t e r i f i c a t i o n  w i t h  D-isomer i s  s imply pro-  
ceeding a t  a r a t e  65/35= 1.86 t imes as f a s t  as w i t h  L-isomer. This  observa t ion  
i s  somewhat confus ing  i n  t h a t  i n  the o r i g i n  o f  l i v i n g  systems t h i s  preference 
f o r  0-isomer was somehow overcome. Anyway i t  represent  a s o r t  o f  obs tac le  i n  
the eva lua t i on  o f  an a l l  L-isomer p r o t e i n  syn thes iz ing  system. However, t h i s  
obvious advantage o f  the  0-isomer was o n l y  ope ra t i ve  i n  the  fo rmat ion  of the  
monoester. 
D i e s t e r  Formation 
Dur ing t h e  course o f  these i nves t i ga t i ons ,  i t  became obvious t h a t ,  n o t  o n l y  
cou ld  one produce monoesters o f  the r i bose  o f  5 ' - A M P ,  b u t  d i e s t e r s  a lso .  Th is  
f i n d i n g  was f i r s t  repor ted  i n  our December 11, 1987 r e p o r t  t o  NASA and inc luded 
d i - a c e t y l g l y c i n e  and d i e s t e r  o f  phenyl -3-propionic  a c i d  and 5'-AMP. We a l s o  
repor ted  i n  t h a t  same r e p o r t  t h a t  e s t e r i f i c a t l o n s  o f  5'-AMP t o  form the  
monoester seemed t o  occur e x c l u s i v e l y  a t  t he  2 '  p o s i t i o n  ie .  amino ac ids  en te r  
a t  the  2 '  p o s i t i o n  even though they imned ia te ly  begin m i g r a t i n g  back and f o r t h  
between the  2 '  and 3 '  pos i t i ons .  
The f a c t  t h a t  d l e s t e r s  o f  amino ac ids  cou ld  form suggested t h a t ,  i f  one o f  
those amino ac ids  had a  f r e e  amino group, then a  pept ide  bond cou ld  form. That 
would then leave one p o s i t i o n  on the r i bose  f r e e  f o r  b r i n g i n g  i n  another  f r e e  
amino ac id ,  forming another pept ide  bond and cont inun ing  the  process i n d e f i n -  
i t e l y .  But t he  f a c t  t h a t  monoester fo rmat ion  seemed t o  occur e x c l u s i v e l y  a t  the 
2 '  p o s i t i o n  in t roduced another p o s s i b i l i t y ,  b u t  o n l y  i f  d i e s t e r  fo rmat ion  i e  
a d d i t i o n  o f  t he  second amino ac id ,  occurred a t  the  2 '  p o s i t i o n  a lso.  I f  t h a t  
were t r u e ,  then the re  should be some r a t e  advantage f o r  synthesis  o f  L-based 
pept ides  by t h i s  mechanism. The advantage would come from the f a c t  t h a t  a l l  L- 
amino ac ids ,  a f t e r  monoester formation, d i s t r i b u t e  p r e f e r e n t i a l l y  t o  the 3 '  
p o s i t i o n ,  l e a v i n g  the  2 '  p o s i t i o n  open f o r  fo rmat ion  o f  the  d ies te r .  
Hydrophobic D-amino ac ids ,  on the  o the r  hand, tend t o  remain more i n  the  2 '  
p o s i t i o n  and so b lock,  t o  a  g rea te r  ex ten t ,  the  e n t r y  o f  the  second amino acid. 
Comparatlve -- Rates o f  D i e s t e r  Formation 
To determine whether such an advantage cou ld  be rea l l zed ,  we c a r r i e d  ou t  
experiments w i t h  fo rmat ion  o f  d i e s t e r  from p r e e x i s t i n g  Ac-D-and-L-Phe-AMP 
monoester. These monoesters (0.009M) were reacted a t  0 O C  i n  a  aqueous s o l u t i o n  
w i t h  a  ten  f o l d  excess o f  e i t h e r  Ac-D- o r  L-Phe im idazo l i de  and samples were 
removed p e r i o d i c a l l y  and assayed by HPLC f o r  t he  amount of d i e s t e r  formed and 
the  amount o f  monoester remaining. The progress o f  the  r e a c t i o n  i s  recorded i n  
F ig.  2. The amount o f  d i e s t e r  formed c o r r e l a t e d  d i r e c t l y  w i t h  the  amount of 
monoester d isappear ing (F ig.  3). NMR was done on each d i e s t e r  product ,  p rov ing  
i t s  i d e n t i t y  as d i e s t e r .  Pseudo f i r s t  order  p l o t s  f o r  t he  disappearance 
of t he  monoesters a re  i n  Fig. 4 and the r a t e  constants a re  i n  Table I. These 
experiments show q u i t e  conc lus i ve l y  t h a t  whether adding a  D- o r  an -L amino 
a c i d  as the second amino ac id ,  the r a t e  o f  adding the  second amino a c i d  t o  a  
p r e e x i s t i n g  L-amino a c i d  monoester i s  about t h ree  times f a s t e r  than t o  a  
p r e e x i s t i n g  D amino a c i d  monoester. These d i f f e r e n c e s  we b e l i e v e  a re  p r i n -  
c i p a l l y  due t o  the  f a c t  t h a t  the Ac-L-Phe monoester d i s t r i b u t e s  67% t o  the 3 '  
p o s i t i o n  b u t  t he  Ac-D-Phe monoester d i s t r i b u t e s  o n l y  50% t o  the  3 '  pos i t i on .  
The advantage t o  the L-system i s  more than one would p r e d i c t  s imply from the  
r e l a t i v e  amount o f  open 2 '  p o s i t i o n  so o the r  f a c t o r s  must be opera t ing  t o  
enhance the r e a c t i v i t y  o f  the p r e e x i s t i n g  L-monoester. 
While one can i n f e r  from the  above r e s u l t s ,  t h a t  the  2 '  p o s i t i o n  must be 
the  one i nvo l ved  i n  adding the second amino ac id ,  we needed t o  prove whether 
t h i s  i s  so. 
D ies te r  Forms a t  t he  2 '  P o s i t i o n  Also 
- - - A  
To do t h i s ,  we synthesized a  d i e s t e r  i n  which the  two e s t e r i f i e d  ac ids  were 
d i f f e r e n t .  F i r s t  we produced the  monoester o f  b u t y r i c  a c i d  and p u r i f i e d  i t  by 
HPLC. We then reacted t h a t  monoester o f  AMP w i t h  a  f i v e  f o l d  excess o f  Ac-gly 
imidazol ide.  The r e s u l t i n g  d i e s t e r  was a l s o  p u r i f i e d  by HPLC and then analyzed 
by NMR. I n  F ig.  5 we see a  comparison o f  the  NMR spectrum o f  t h i s  d i e s t e r  w i t h  
a  b u t y r i c  a c i d  monoester o f  5'-AMP which we had obta ined e a r l i e r .  This  com- 
pa r i son  a l l ows  us t o  determine the l o c a t i o n  o f  t h e  b u t y r i c  a c i d  res idue i n  the  
d i e s t e r  because we can i d e n t i f y  the b u t y r i c  a c i d  s igna ls  from the  2 '  and 3 '  
e s t e r  i n  t he  monoester. By i n t e g r a t i n g  the  2 '  and 3 '  r i bose  protons j u s t  t o  the  
l e f t  o f  the  HDO peak i n  the  lower spectrum we can determine the  amount o f  2 '  and 
3 '  b u t y r i c  a c i d  es te r .  These r e s u l t s  show an excess o f  the  3 '  ester .  Looking 
a t  t he  s i g n a l s  f rom the  b u t y r i c  a c i d  cha in  u p f i e l d  we can see two se ts  o f  
s i gna ls  f o r  each k i n d  o f  proton. Looking f o r  example, a t  the te rmina l  
CH, protons a t  about 0.9 ppm, there  a re  two se ts ,  one l a r g e r  than the  other .  
Because we know the  3 '  e s t e r  i s  i n  excess, we can i d e n t i f y  the l a r g e r  se t  as 
being 3 '  e s t e r  s i g n a l s  and the smal ler  as 2 '  e s t e r  s igna ls .  Comparing the  upper 
spectrum o f  t h e  d i e s t e r  w i t h  the lower spectrum we can then conclude t h a t  t he  
b u t y r i c  res idue i n  t he  d i e s t e r  i s  i n  the  3 '  p o s i t i o n .  From t h i s  we can i n f e r  
t h a t  the  second e s t e r  produced was added a t  t he  2' p o s i t i o n  almost exc lus i ve l y .  
This  very  n i c e  r e s u l t  a l lows us t o  propose, q u i t e  se r ious l y ,  a  model f o r  
the  p r e f e r e n t i a l  synthesis  o f  L-based pept ides  on the r i bose  o f  5'-AMP. The 
model i s  presented i n  Fig. 6 us ing the syn thes is  o f  a  t r i p e p t i d e  Ac-PhePhePhe as 
our example. The step o f  pept ide bond fo rmat ion  has s t i l l  on l y  been s tud ied  i n  
a  cursory  s o r t  o f  way. 
Synthesis  - o f  3'Ac-Phe-2'tBOC Phe-AMP 
We then began a  study o f  the  pept ide  bond forming step. F i r s t  we produced 
Ac-Phe AMP monoester and p u r i f i e d  i t  us ing  a  C, Sep-pak u n i t  which a l lowed the  
separat ion f rom 5'-AMP and from any d i e s t e r  formed. Taking t h i s  ma te r i a l ,  we 
then reacted i t  i n  DMF w i t h  a  ten  f o l d  excess o f  tBOC-L-Phe im idazo l i de  a t  room 
temperature. Samples were taken p e r i o d i c a l l y  and analyzed by HPLC us ing  
50%CH,OH;0.05 phosphate and a phenyl reverse phase column. As t ime passed the 
Ac-Phe-AMP monoester peak a t  3.8 minutes was disappearing, as shown i n  Fig. 7. 
We presume, because the major new peak i s  t he  one a t  18 minutes, i t  i s  the  
des i red  product  3'Ac-L-Phe 2 '  tBOC-L-Phe AMP d i e s t e r .  I n  o rder  t o  prove t h a t  we 
c o l l e c t e d  several  micromoles o f  t h i s  m a t e r i a l  and w i l l  now sub jec t  i t  t o  NMR i n  
comparison Fig. 8 w i t h  the  monoester o f  tBOC-L-Phe-AMP i n  a manner s i m i l a r  t o  
t he  comparison i n  Fig. 5. 
Now t h a t  we have t h i s  product  produced and as soon as i t  i s  i d e n t i f i e d ,  we 
can proceed t o  the  next  s tep o f  pept ide  bond formation. This  w i l l  r e q u i r e  f i r s t  
the removal o f  the  t B O C  group w i t h  t r i f l u r o a c e t i c  a c i d  and secondly fo rmat ion  o f  
the  pep t i de  bond by incubat ing  a t  a h igh  enough pH so t h a t  the  L-amino group o f  
the Phe i n  the  2 '  p o s i t i o n  i s  unprotonated. 
HPLC Study o f  AcPhePhe-AMP Monoesters 
-
Should pep t i de  bond fo rmat ion  occur, our  product  w i l l  be Ac-Phe-Phe-AMP 
monoester. A lso i f  we ca r ryou t  a l l  poss ib le  isomer ic  combinations we w i l l  have 
f o u r  d i f f e r e n t  products. Because we want t o  f o l l o w  the  progress o f  these reac- 
t i o n s  w i t h  HPLC we needed t o  f i n d  the  HPLC cond i t i ons  and r e t e n t i o n  t imes o f  the 
var ious  products. Accordingly ,  we purchased a l l  f o u r  Ac-PhePhe isomers 
(LL,DD,DL and LD), prepared the  5'-AMP monoesters and determined t h e i r  e l u t i o n  
t imes us ing  a phenyl reverse phase column w i t h  30% CH,OH;0.05 phosphoric a c i d  a t  
l.Ornl/min. The data  a re  i n  Table 11. I n t e r e s t i n g l y  the homopeptidyl (DD and 
LL) es te rs  a r e  e l u t e d  much f a s t e r  than the  he tereopept idy l  esters.  We a l s o  
determined t h e  e q u i l i b r i u m  2 ' -3 '  d i s t r i b u t i o n s  o f  these compounds. I n  a l l  
cases, t he  pept ides  having L amino ac ids  a t  t he  carboxy end (and e s t e r i f i e d  t o  
the  5'-AMP) d i s b r i b u t e d  -60% t o  t he  3 '  p o s i t i o n  and those having D- amino ac ids  
a t  the  carboxy end had about 50% i n  the 3 '  p o s i t i o n .  So, w i t h  pept ides,  as w i t h  
s i n g l e  amino ac ids ,  the  2 ' - 3 '  e q u i l i b r i u m  depends on the  isomer ic  i d e n t i t y  o f  
the amino a c i d  d i r e c t l y  e s t e r f i e d  t o  the  5'-AMP. 
Having t h e  a b i l i t y  t o  separate these products w i t h  HPLC now a l lows us t o  
proceed w i t h  t h e  study o f  pept ide  bond formation. We a r e  syn thes iz ing  and 
p u r i f y i n g  (by HPLC) l a r g e  amounts o f  3'AcPheZ1tBOCPhe-AMP f o r  the  pept ide  
synthesis  study. Obviously,  we w i l l  have t o  s tudy a l l  f o u r  poss ib le  com- 
b i n a t i o n s  o f  D-and L-isomers. We expect t o  see some d i f f e r e n c e s  i n  the r a t e  o f  
pept ide  bond synthes is  from the var ious  combinations. 
S t ruc tu re  - o f  2'-AC-D-Trp-AMP Monoester 
I n  our  e a r l i e r  s tud ies  o f  the  2 ' - 3 '  d i s t r i b u t i o n s  o f  var ious  D- and L-amino 
ac ids  when e s t e r i f i e d  t o  5'-AMP (Lacey, e t  a1 1988). we showed t h a t  very 
hydrophobic D-amino ac ids,  eg. Trp, tended t o  f a v o r  the  2 '  pos i t i on .  The reason 
f o r  t h i s  seemed t o  be tha t ,  when hydrophobic amino - o r  ca rboxy l i c  ac ids  a re  i n  
the 2 '  p o s i t i o n ,  they can i n t e r a c t  hydrophob ica l l y  w i t h  the  hydrophobic adenine 
r i ng .  NMR s tud ies  have supported t h i s  idea. We have now c a r r i e d  out  a study o f  
the f luorescence of the  separate 2 '  and 3 '  es te rs  o f  Ac-D-Trp AMP. The e s t e r  
was prepared by our  normal procedures and the  2 '  and 3 '  forms separated by HPLC 
a t  pH 2 us ing  20% CH,OH;O.OS phosphoric a c i d  a t  l.Oml/min. Under these con- 
d i t i o n s  the  2 '  and 3 '  es te rs  a re  w e l l  separated and because o f  the low pH they 
do n o t  r e - e q u i l i b r a t e  t o  form a m ix tu re  o f  the  two forms. 
Trp i s  a f l uo rescen t  m a t e r i a l  and can be e x c i t e d  a t  about 290nm and the  
f luorescence peak i s  a t  about 350nm. A f t e r  c o l l e c t i n g  the  two separate isomers, 
they were ad jus ted  t o  exac t l y  the  same concen t ra t i on  and the f l u o r e s c e n t  spectra 
run  w i t h  e x c i t a t i o n  a t  290nm. There was no d i f f e r e n c e  i n  the f luorescence of 
the  two es ters .  What we had hoped t o  see was some quenching o f  the  f luorescence 
o f  t he  2 '  e s t e r  because o f  hydrophobic i n t e r a c t i o n  o f  the Trp res idue w i t h  the  
adenine residue. Changing the environment o f  a  f l uo resc ing  compound can someti- 
mes cause t h i s .  However, the absorp t ion  spectrum o f  5'-AMP and the  emission 
spectrum o f  Trp do n o t  overlap, so i t  i s  perhaps unreasonable t o  expect an 
e f f e c t .  We then went through the same experiment on l y  us ing a  f l u o r e s c e n t  ana- 
l o g  o f  5'-AMP, 5'-ethenoadenosine monophosphate. The absorp t ion  spectrum o f  
t h i s  compound does over lap the emission spectrum o f  Trp. I n  t h i s  case the re  was 
a g r e a t  d i f f e r e n c e  i n  the f luorescence spectrum o f  the 2 '  and 3 '  e s t e r s  (F ig.  8)  
when e x c i t i n g  a t  275nm. Even through t h i s  r e s u l t  i s  completely suppor t i ve  o f  
the  idea t h a t  t h e  Trp res idue i n  the 2 '  p o s i t i o n  i s  assoc ia t i ng  w i t h  the  adenine 
r i n g ,  the  spec t ra  cannot be i n t e r p r e t e d  q u a n t i t a t i v e l y .  This  i s  because both  
the  ethenoadenosine and the Trp a r e  f luoresc ing .  
NMR done on the  2 '  and 3 '  Ac-D-Trp es te rs  o f  5'-AMP a l s o  supported the  
i n t e r a c t i o n  i n  the  2 '  ester .  This  r e s u l t  showed a  greater  u p f i e l d  s h i f t  o f  ade- 
n ine  r i n g  pro tons  i n  the 2' ester .  Such u p f i e l d  s h i f t s  a re  caused by assoc ia t i on  
of the  adenine protons w i t h  the r i n g  o f  5'-AMP. 
I t  does appear q u i t e  c e r t a i n  then t h a t  hydrophobic D-amino - o r  ca rboxy l i c  
ac ids  when e s t e r i f l e d  t o  the 2 '  p o s i t i o n  o f  5'-AMP do i n t e r a c t  w i t h  the  adenine 
r i n g  more s t r o n g l y  than when i n  the 3 '  p o s i t i o n .  
Th i s  observa t ion  a l so  may e x p l a i n  why, as repor ted  e a r l i e r  i n  t h i s  repo r t ,  
hydrophobic D-amino ac ids  seem t o  reac t  f a s t e r  w i t h  5'-AMP than do hydrophobic 
L-amino acids. This would be expla ined by a s t a b i l i z a t i o n  o f  the  reac t i on  
in termedia te  by the  D-amino a c i d  approaching the  2 '  p o s i t i o n ,  which i s  the 
e s t e r i f i c a t i o n  p o s i t i o n ,  and being he ld  by the Trp-adenine assoc ia t ion .  The L- 
amino a c i d  approach would n o t  be so f a c i t i l a t e d .  
Hydro lys is  - o f  Phenyl-3-propionic-AMP Anhydirde 
I n  our annual r e p o r t  f o r  1987 (Dec. 11, 1987), we repor ted  on hyd ro l ys i s  
da ta  f o r  the compound phenyl-3-propionic-AMP anhydride (See Fig. 8 t h a t  repo r t )  
which i s  a deamino analog o f  phenylalanine-AMP anhydride. The data  there 
showed the hyd ro l ys i s  r a t e  constants of t h i s  compound p l o t t e d  versus pH g ive  
a U-shaped curve r a t h e r  than a W shape as had been e a r l i e r  reported. We 
have now e s s e n t i a l l y  repeated the e n t i r e  experiment and inc luded  the  e f f e c t  o f  
b u f f e r  concentrat lon on the  hydro lys is .  A t  each pH, the  r a t e  constant  f o r  
h y d r o l y s i s  was determined a t  t h ree  b u f f e r  concentrat ions,  0.0125, 0.025 and 
0.05 M. I n  no case was there  a s i g n i f i c a n t  b u f f e r  e f f e c t  on the  hydrolys is .  
The data are p l o t t e d  i n  Fig. 9. 
Evo lu t l on  o f  tRNAs 
Demonstratlng evo lu t l ona ry  r e l a t l o n s h l p s  between RNAs through mutual r e l a -  
t l onsh lps  w i t h  a t h l r d  sequence 
I n  previous work we descr ibed matching regions between the  sequences o f  
t r a n s f e r  RNA (tRNA) and ribosomal RNA (rRNA)). These matches a re  too frequent 
t o  a t t r i b u t e  t o  chance. I n  add i t i on ,  the frequency o f  matches found i n  
i n t e r s p e c i f i c  searches a re  no t  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  found i n  
i n t r a s p e c i f i c  searches. We take t h i s  as i n d i c a t i v e  o f  t r u e  homology (i.e. - com- 
mon ancestry).  
Simple p a i r w i s e  comparisons between macromolecular sequences may n o t  
uncover r e l a t i o n s h i p s  which may be revealed by  t h e i r  mutual r e l a t i o n s h i p s  w i t h  a 
t h i r d  molecule. For  example, corresponding s i t e s  of the  Euglena c h l o r o p l a s t  and 
yeas t  small subun i t  rRNAs show on ly  an i n s i g n i f i c a n t  match w i t h  each o the r  b u t  
show ex tens ive  matches w i t h  tRNAarg f rom Euql ena ch lo rop las t .  
1171 UGGGCUACA CACGUG CUAC 1189 Euglena chloropluc 16s rRNA 
. . . . . . . . . . . . . . . . .  
. . . . . . . . . .  E - . o m  . . . . . .  
16 UGGACUAGAGCACGUG GCUACGAACU ACGGAGUCAG s l  f ig loru ~RJUA-* 
. . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . .  -. . . .  E - .0097 
1447 GCACGCGCGCUAC A CUGACGGAGCCAG 1473 ye- la rRNA 
The c o n f i g u r a t i o n  i n c l u d i n g  the th ree  molecules has a very low p r o b a b i l i t y  
o f  occurrence by coincidence. The low p r o b a b i l i t y  t r a n s l a t e s  i n t o  a low 
expected value t h a t  takes i n t o  cons idera t ion  t h e  number o f  o p p o r t u n i t i e s  f o r  a 
g iven match t o  be found a long and among a l l  o f  t he  molecules searched. 
The p o s i t i o n  o f  the rRNA sequences r e f l e c t  an over lap  o f  homologous regions 
based upon the  secondary s t r u c t u r e  o f  t h e  molecules. Thus the  tRNA shows a 
match beginning w i t h  the Euglena c h l o r o p l a s t  16s rRNA and cont inues by matching 
a cont iguous p o r t i o n  o f  the yeast  18s rRNA. 
These r e s u l t s  might  be expla ined as the  r e s u l t  o f  recombinat ion o r  gene 
conversion. Presumably the evo lu t i ona ry  h i s t o r y  o f  these RNAs inc luded a l a r g e  
number o f  such events t h a t  r e s u l t e d  i n  t h e  s c a t t e r i n g  o f  matching segments, many 
o f  which a r e  l a r g e  enough t o  be recognized. The p rese rva t i on  of t he  segments 
must r e f l e c t  c o n s t r a i n t s  on both muta t ion  and recombinat ion, probably because o f  
i n t e r l o c k i n g  f u n c t i o n s  t h a t  would r e q u i r e  compensating changes a t  m u l t i p l e  s i t es .  
D i s t r i b u t i o n  o f  Matching Regions Pmong E. c o l i  tRNA 
S h o r t l y  a f t e r  the  f i r s t  tRNA sequences were determined i t  was no t i ced  t h a t  
c e r t a i n  bases tended t o  be present  a t  Spec i f i c  s i t es .  With the  e l u c i d a t i o n  of 
more sequences, i t  became c l e a r  t h a t  t he re  a re  c e r t a i n  i n v a r i a n t  o r  semi- 
i n v a r i a n t  bases comnon t o  most tRNAs. While some p o r t i o n s  of t h e  tRNA molecule 
a r e  a lmost  u n i v e r s a l l y  conserved, o the r  regions are  more o r  l e s s  va r iab le .  The 
ques t i on  a r i s e s  as t o  whether any phy logenet ic  in fo rmat ion  remains i n  contern- 
po ra ry  tRNA sequences o r  i f  the  view h e l d  by many i s  c o r r e c t  t h a t  tRNA sequences 
have mutated t o  e q u i l i b r i u m  and no phylogenet ic  in fo rmat ion  may be der ived from 
them. Some workers have used s p e c i f i c  tRNA sequences f rom several  d i f f e r e n t  
organisms t o  cons t ruc t  phy logenet ic  t rees.  The t rees  based on tRNA sequence 
comparison m i r r o r  phylogenet ic  t rees  produced us ing  o the r  parameters. The s imi -  
l a r i t y  o f  t r ees  produced by d i f f e r e n t  methods i nd i ca tes  t h a t  tRNA sequences have 
n o t  l o s t  a l l  t h e i r  phylogenet ic  in fo rmat ion .  
Recent ly  we have descr ibed ex tens ive  matching regions between - E. - c o l i  tRNAs 
( e x p e c i a l l y  those between tRNAs f o r  I l e  - Val and I l e  - Lys encoding tRNAs). 
The expected values o f  these matches a re  so low, and the p r o p o r t i o n s  o f  the  
molecule covered by the matches so l a r g e  (up t o  92%) t h a t  these matches a re  con- 
s idered t o  represent  t r u e  homo1 ogies. 
What remains t o  be determined i s  how comnon and widespread these matches 
are. To address t h i s  quest ion o f  frequency and q u a l i t y  o f  matches between 
tRNAs, an exhaust ive comparison was made between a l l  r epo r ted  tRNA sequences 
f rom E. c o l i .  
- -
T h i r t y - f i v e  - E. - c o l i  tRNA sequences were compared w i t h  each o t h e r  and 
matching sequences i d e n t i f i e d  us ing  the  Los Alamos r o u t i n e s  descr ibed by Goad 
and Kanehisa (1982). E, the  expected number o f  such matches, per  search, was 
ca l cu la ted  f o r  each match us ing  the formulae o f  Goad and Kanehisa (1982) as 
mod i f i ed  by Staves -- e t  a l .  (1987). 
The Los Alamos r o u t i n e s  were used never theless f o r  the  f o l l o w i n g  reasons. 
I t  i s  g e n e r a l l y  accepted t h a t  tRNAs a l l  had a  comnon o r i g i n  (Jukes, 1966). The 
quest ion  which remains today i s  whether t races  o f  t h i s  comnon ancest ry  can be 
found i n  regions o f  the  tRNAs o the r  than the  u n i v e r s a l l y  conserved s i tes .  Such 
t races  might  make p o s i b l e  the  cons t ruc t i on  o f  phy logenet ic  t rees  f o r  c e r t a i n  
tRNAs. Since t h e  gene t i c  code i s  e s s e n t i a l l y  un i ve rsa l ,  tRNAs must have had 
t h e i r  separate adaptor  f unc t i ons  i n  the t r a n s l a t i o n  process s ince the  t ime o f  
the Las t  Comnon Ancestor, s e l e c t i o n  has worked t o  make each tRNA molecule h i g h l y  
e f f i c i e n t  and s p e c i a l i z e d  f o r  i t s  r o l e  i n  p r o t e i n  synthesis.  P a r t  o f  t h i s  spe- 
c i a l i z a t i o n  i nvo l ves  i n t e r a c t i o n  w i t h  s p e c i f i c  amino ac ids  and a  s p e c i f i c  
charg ing enzyme: an aminoacyl tRNA synthetase. Th is  s p e c i a l i z a t i o n  must have 
requ i red  mu ta t i on  away from the  ancest ra l  tRNA sequences. D i f f e r e n t  tRNAs have 
d i f f e r e n t  aminoacyl tRNA synthetase r e c o g n i t i o n  s i t e s  (Hou and Schimnel, 1988) 
and thus must have been mod i f i ed  i n  regions corresponding t o  d i f f e r e n t  s i t e s  on 
the ancest ra l  tRNA. These m o d i f i c a t i o n s  and o thers  requ i red  t o  op t im ize  the 
f u n c t i o n  o f  each tRNA may have resu l ted  i n  s i g n i f i c a n t  changes over much o f  the 
tRNA sequences. Since we do no t  know i n  most cases which p o r t i o n  o f  the sequen- 
ces have been modi f ied ,  l o c a l  searches (i.e., - searches which look f o r  the  bes t  
matching regions w i t h i n  the  two sequences) f o r  matchlng regions were used. The 
E value was used as a  method o f  comparison because i t  takes i n t o  cons idera t ion  
several  f a c t o r s  i nc lud ing :  base composit ion o f  the  sequences; numbers of gaps, 
i n s e r t i o n s l d e l e t i o n s ,  and mismatches i n  the  matching regions;  l eng th  o f  the  
matching region;  and length  o f  the  two sequences being compared. We feel  t h i s  
g i ves  a  more accurate i n d i c a t i o n  o f  re latedness between the  two molecules than 
s imply r e p o r t i n g  the  frequency o f  matching bases. 
Table 3 shows a  m a t r i x  con ta in ing  E f o r  each comparison. l o - @  was chosen 
as our  c u t - o f f  value. I t  i s  c l e a r  t h a t  most comparisons y i e l d  a  match of a t  
l e a s t  t h i s  q u a l i t y .  I n  f a c t ,  o n l y  17% o f  the  searches y i e l d e d  no match E < 10 x 
l o - @ .  F igure  10 shows the  d i s t r i b u t i o n s  among non-isoaccept ing tRNAs. Very 
ex tens ive  matches a re  a l s o  r e l a t i v e l y  rare.  Matches o f  E < 1 0 - l Z  occur 54 
t imes, comprising 10.5% o f  the  searches. 
The c h a r a c t e r i s t i c s  o f  the  curve shown i n  Fig. 10 can be exp la ined by the  
s i t e s  on the  tRNA sequences where the matches occur. The peak a t  E = l o - @  - 
10" i s  a r e s u l t  o f  the  f a c t  t h a t  i n  most comparisons between tRNAs a  match i s  
found i n  e i t h e r  the  D o r  TqC loop o r  stem regions (genera l l y  bases 10 t o  25 and 
49 t o  66, respec t i ve l y ) .  A second smal l  peak a t  10" t o  10- l1  i s  caused main ly  
by searches t h a t  y i e l d  matches i n  bo th  the D and T$C arms. 
The data presented i n  Table 3 and F igure  10 i n d i c a t e  t h a t  phy logenet ic  
i n fo rma t ion  p e r t a i n i n g  t o  the e v o l u t i o n  o f  the tRNAs themselves may s t i l l  be 
found i n  t h e i r  sequences. I t  i s  a n t i c i p a t e d  t h a t  the i n fo rma t ion  presented here 
w i l l  p rov ide  much usefu l  i n fo rma t ion  f o r  f u t u r e  s tud ies  of the  phy logenet ic  
r e l a t i o n s h i p  among tRNAs. 
E v o l u t i o n  - o f  ~ R N A ' ~ ~  
Serine-encoding tRNAs a r e  found i n  two groups i n  the  gene t i c  ant icode;  
those w i t h  an t icode XGA, and those w i t h  an t icode ACU o r  GCU. The two groups o f  
serine-tRNAs a r e  unusual i n  t h a t  t h e i r  sequences d i f f e r  f rom each o t h e r  t o  a  
much g rea te r  ex ten t  than comnonly occurs between iso-accept ing  tRNAs. These 
d i f f e rences  were f i r s t  exposed i n  an examinat ion o f  se r i ne  tRNAs f rom the  
archaebacterium, Halobacter iun  v o l c a n i i  w i t h  a  c o l l e c t i o n  o f  tRNAs from w ide l y  
d i ve rgen t  organisms. I n  a d d i t i o n  t o  f i n d i n g  matches t h a t  occur a t  t he  same 
s i t e  on bo th  tRNAs, matches have been found t o  occur a t  d i s s i m i l a r  s i t e s  on 
the d i f f e r e n t  molecules. For example: 
t i .  vo lcan i  i tRNA ser2 (NGA) 26 GCGGUAGAUUC 36 
*.e* *.* 
E. c o l t  tRNA (GUU) 4 GCGGUAG UUC 13 
These matching regions have been termed ob l i que  matches. I n  many cases, when an 
ob l i que  match i s  found, a  corresponding " s t r a i g h t "  match i s  a l s o  found. 
H.  v o l c a n i i  tRNA ser2 (NGA) 3  5 UCGAAAUCUAC 4 5 
met1 e. *a. Be*.. H .  v o l c a n i i  tRNA (CAU 56 UCGAA UCUAC 6 5 
5 6  UCGAAUCUCACC 67 
e....... 0.0 
56 UCGAAUCU ACC 66 
Obl ique matches such as these i n d i c a t e  t h a t  the  e v o l u t i o n  o f  present-day tRNA 
molecules may have invo lved the  tandem d u p l i c a t i o n  o f  a s h o r t e r  nuc leo t i de  
s t r i n g .  Fo l lowing t h i s  e a r l y  tandem d u p l i c a t i o n ,  muta t ions  have o b l i t e r a t e d  
much o f  the  o r i g i n a l  pa t te rn ,  r e s u l t i n g  f o r  example i n  l o s s  of the  match a t  
p o s i t i o n  35-45 i n  the  methionine i n i t i a t o r .  
We have found ob l i que  matches i n  comparisons among o t h e r  tRNAs, b u t  
always a t  a  low frequency. O f  p a r t i c u l a r  i n t e r e s t  i s  the  f a c t  t h a t  w h i l e  H. 
v o l c a n i i  tRNA Serl (GCU) was found t o  e x h i b i t  o n l y  two o b l i q u e  matches when 
compared w i t h  108 o the r  tRNAs, tRNA Ser2 (NGA) was found t o  have 21 ob l i que  
matches when compared t o  the  same s e t  o f  tRNAs. A  l a r g e  number o f  ob l i que  
matches i s  suggested t o  i n d i c a t e  a  l ess  evolved molecule, i.e., one i n  
which the  evidence o f  e a r l y  tandem d u p l i c a t i o n  has n o t  been l o s t  by  mutat ion. 
There i s  much evidence t h a t  the  isoaccept ing,  ser ine-encoding tRNAs 
(an t icodes CGA and GCU) form two d i s t i n c t  groups. These inc lude;  1. a  low 
degree o f  sequence i d e n t i t y  between the tRNAs. I n  f a c t ,  i n  comparisons between 
f o r t y - t h r e e  p a i r s  o f  l soaccept ing  tRNAs, ~RNAE: and tRNA EL showed the  l e a s t  
s i m i l a r i t y .  2. D i f f e rences  i n  r e l a t i o n s h i p  w i t h  o the r  tRNAs (bo th  i n  ' s t r a i g h t "  
and ob l i que  matches). 3. D i f f e rences  i n  codon usage. I t  i s  i n t e r e s t i n g  t h a t  
tRNAser i s  the most f r e q u e n t l y  used of the two se r ine  tRNA (suggest ing t h a t  i s  
GCU 
recognized and used more e f f e c t i v e l y  by the aminoacyl tRNA synthetase).  While 
t R N A E  i s  the l e a s t  used. A p l a u s i b l e  exp lanat ion  i s  t h a t  t he  sequences o f  
these tRNAs have been converging over t ime, w i t h  tRNA;: e v o l v i n g  toward 
increased e f f i c i e n c y  and thus, increased usage. The a l t e r n a t i v e  hypothesis,  
t h a t  tRNA%:i i s  d i v e r g i n g  from tRNAEFk and thus evo l v ing  toward a  l ess  e f f i c i e n t  
molecule, seems l e s s  l i k e l y .  
Other da ta  a l s o  suggest an evo lu t i ona ry  convergence o f  these tRNA molecules. 
When one compares the  se ts  o f  tRNA sequences most r e l a t e d  t o  tRNA Serl w i t h  
the  s e t  most r e l a t e d  t o  tRNA ser2 an i n t e r e s t i n g  p a t t e r n  can be seen. Among the 
H. v o l c a n i i  sequences compared, the  two ser ine  encoding tRNAs a r e  e s s e n t i a l l y  
r e l a t e d  t o  the  same s e t  o f  sequences. Among E. coli sequences, h a l f  o f  each s e t  
i s  unique t o  one o r  the  o t h e r  ~ R N A ' ~ ' .  Among yeast  sequences, each H. v o l c a n i i  
~ R N A ' ~ ~  has a  unique s e t  of most r e l a t e d  sequences. A p o s s i b l e  i n t e r p r e t a t i o n  
f o r  t he  d i f f e r e n c e s  i n  r e l a t i o n s h i p s  between tRNA Serl and tRNA ser2 o f  
H. v o l c a n i i  and o t h e r  tRNAs f rom H. v o l c a n i i ,  E. c o l i  and yeast  i s  shown i n  the 
f i g u r e  below. 
I t  i s  probable t h a t  the  l i n e  o f  descent l ead ing  t o  yeasts d iverged from the  
1 i n e  lead ing  t o  E. co l  i and H. v o l c a n i i  e a r l i e r  than the  divergence o f  the  1 ines 
l ead ing  t o  these bac ter ia .  Thus, i f  one speculates the two tRNAs had d i f f e r e n t  
imnediate ancestors and have converged t o  code f o r  ser ine,  the  p r e d i c t i o n  would 
be t h a t  the  two H. v o l c a n i i  se r ine  tRNAs would be r e l a t e d  t o  d i f f e r e n t  se ts  o f  
yeas t  tRNAs. Fur ther ,  the l i s t  o f  r e l a t e d  E. c o l t  tRNAs should over lap  con- 
s i d e r a b l y  and the  l i s t  o f  r e l a t e d  H. v o l c a n i i  tRNAs should be almost i d e n t i c a l .  
Th is  i s  p r e c i s e l y  what i s  found. 
The r e s u l t s  o u t l i n e d  above prov ide  evidence t h a t  t he  NGA and G/ACU assign- 
ments f o r  se r i ne  a re  the  r e s u l t  o f  convergent evo lu t ion .  Convergence o f  these 
tRNAs may a l s o  e x p l a i n  why t h e  NGA assignments o f  se r i ne  do n o t  f i t  the  
hyd rophob ic i t y  c o r r e l a t i o n s  descr ibed by Lacey, and M u l l i n s  (1983). 
Analys is  o f  t h e  tRNA-like terminus af p l a n t  RNA v i ruses.  
--
The tRNA-like ends o f  many p l a n t  RNA v i r u s  genomes a r e  r e c e i v i n g  much 
a t t e n t i o n  e x p e c i a l l y  as some workers consider  them t o  be p r o g e n i t o r s  t o  tRNA. 
The s i m i l a r i t i e s  between the  v i r a l  RNA and tRNAs a re  s t r i k i n g .  Both a re  
recognized by s p e c i f i c  enzymes i n c l u d i n g  those which a t t a c h  amino ac ids  t o  tRNAs 
and those which add the  un i ve rsa l  CCA terminus t o  tRNAs. 
U n t i l  r ecen t l y ,  i t  has been thought t h a t  the s i m i l a r i t y  between v i r a l  RNA 
and tRNA i s  conf ined t o  s t r u c t u r e  and does no t  extend t o  base sequence. We have 
shown t h a t  there  a re  s i g n i f i c a n t  regions of sequence s i m i l a r i t y  between tRNAs 
and some o f  the  tRNA-like v i r a l  RNAs. This suggests t h a t  t he  sequences comnon 
t o  the  two RNAs may be respons ib le  f o r  enzyme recogn i t ion .  
Two of the  v i ruses ,  TMV (tobacco mosaic v i r u s )  and TYMV ( t u r n i p  y e l l o w  
mosaic v i r u s )  con ta in  RNAs whose 3 '  terminus may be f o l d e d  i n t o  a c l o v e r l e a f  
c o n f i g u r a t i o n  analogous t o  the  tRNA 2' s t ruc ture .  TMV shows ex tens ive  matches 
w i t h  regions corresponding t o  the  T$C arm w h i l e  TYMV has reg ions  corresponding 
t o  bo th  the T$C and D arms o f  tRNAs. 
Other v i ruses,  which cannot be fo lded  i n t o  a c l o v e r l e a f ,  show matches w i t h  
tRNAs. BBMV (broad bean m o t t l e  v i r u s )  w i t h  the  D arm and BMV (brome mosaic 
v i r u s )  w i t h  TqC and D arms. I n t e r r e s t i n g l y ,  BMV (which i s  t y r o s y l a t e d )  conta ins 
a - ca. 13 base long reg ion  i n  i t s  arm B corresponding t o  the  ant icodon region o f  
tyros ine-encoding tRNAs. Other t y r o s y l a t i n g  v i r a l  RNAs do n o t  show t h i s  match 
w i t h  the  ant icodon arm o f  ~ R N A ~ Y ' .  This  ra i ses  the  quest ion  of t he  s ign i f i cance  
of t he  matches. The expected values o f  the BMV arm B - ant icodon matches range 
from 10-3 t o  10-4. Also, o n l y  tyrosine-encoding tRNAs participate i n  such a 
match. I t  seems imp laus ib le  t h a t  t y r o s i n e  tRNAs have t h i s  unique r e l a t i o n s h i p  
w i t h  t y r o s y l a t e d  v i r a l  RNAs by chance. 
Convergence seems another u n l i k e l y  exp lanat ion  as the  BMV RNA i s  more s imi -  
l a r  t o  ~ R N A ~ Y ~  f rom yeast  and -- E. co l  i than t o  ~ R N A ~ Y '  f rom wheat, i t s  host. 
Th is  suggests comnon o r i g i n  as the  exp lanat ion  f o r  t he  matches. Why then do 
o the r  t y r o s y l a t e d  v i r a l  RNAs no t  show a  match w i t h  the  ant icodon arm o f  ~ R N A ~ Y ~ ?  
Perhaps the  sequence has taken on a  f u n c t i o n  i n  BMV d i f f e r e n t  from t h a t  i n  tRNA. 
For example, i t  may be invo lved i n  host  r e c o g n i t i o n  o r  i n t e r a c t i o n  w i t h  v i r a l  
p ro te ins .  Although t h i s  i s  speculat ion,  i t  agrees w i t h  a l l  known data on the 
subject .  
We a r e  p r e s e n t l y  persuing t h i s  problem w i t h  D r .  Theo Dreher o f  the  
Department o f  A r g r i c u l t u r a l  Chemistry, Oregon S ta te  Un ive rs i t y .  
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Table I 
S u m a r y  o f  Rate Cons tan ts  
f o r  Format ion  of Ac-Phe D l e s t e r  f rom 
Ac-Phe Monoesters o f  5'-AMP 
Isomer ic  I d e n t l  t y  Isomer ic  I d e n t i t y  
o f  S t a r t i n g  Monoester o f  Second Amino A c i d  
Rate Const., Mln-b*  
1 
- 
2 
- 
A v ~ .  
*Dup l i ca te  Exper iments  and Averages 
Table I 1  
HPLC Reten t ion  Times and % 3 '  Dlpeptldyl 
AMP Es te r  
Re ten t i on  Times* 
Pept ide  * o f  AMP Ester ,  Min. X 3 '  
D i ~ e o t i d e  Re ten t i on  Time. Min .  2 ' 3 ' - Ester  
*Phenyl p Bondapak column 3.9 mn x 30 mn 5p p a r t t c l e s .  E l u t i o n  so l ven t  was 
30% CH,OH, 0.05 phosphor ic  and, pH 2 a t  1.0 ml/min. Moni tored a t  259nm. 
A U 1  
ALA2 
ARGl 
ARGZ 
ASN l 
ASP1 
CYS 1 
GLNl 
GLM 
GLUl 
GLU2 
GLY 1 
GLY3 
GLY5 
HIS 1 
ILE 1 
ILEZ 
LEU1 
LEU2 
LEU3 
LYSl 
m 
m 
PHEl 
SERl 
SER2 
SEW 
TnRl 
7RP1 
TYRl 
VAL1 
v m  
VAW 
ARGl 
I JE-10 
8.0E-11 
- 
3 3 E 4 3  
3.9E-9 
2.0E-9' 
5.4E4 
73E-8 
22E-5 
3 2 - 5  
3 .OE-5 
22E-8' 
5.4E4 
13E-11' 
3JE-13' 
9.8E-12' 
43E-10' 
0 
2 2 E 4  
0 
6.4E-15 
5 JE-14' 
2.OE-8' 
2.1E-9' 
7.0E-6 
3.8E4 
3.8E-5 
4.4E13* 
13E-9 
l.lE-7 
338-19 
4.7E-12 
1 .OE-11. 
GLNl 
0 
8.6E4 
7.38-8 
6.9E-8 
4 x 4  
1.9E4 
5.OE-9 
- 
1.7E-32 
2.9E-5 
2.7E-5 
1.4E4 
5.684 
l . lE4  
13E-9 
0 
0 
0 
0 
0 
9.4E-7 
8.6E-7 
7.1E4 
1.8E-7 
2.6E-7 
4.9E-12' 
6.3E4 
1.4E-7' 
6.4E4 
7.6E-11 
5.9E4 
1.2E4 
4.6E4 
Table 3 .  A xnank showing the dculucd E values for ecmpariso~s among 35 
E. culi tRNAs. An asterisk indicates the n lw  is ddvcd fmm E values for two 
matchingrcghs. 
2 3 
ALAl 
ALA2 
ARO 1 
ARG2 
ASNl 
ASP1 
CYS 1 
GLNl 
GLN2 
GLUl 
GLU2 
GLYl 
GLY3 
GLYS 
HIS 1 
ILE 1 
ILEZ 
LEU 1 
LEU2 
LEU3 
LYS 1 
m 
M r n  
PHEl 
SERl 
S ER2 
SEIU 
THRl 
TRPl 
TYRl 
VAL1 
V A U  
VAU 
GLUl 
5.1E4 
3.- 
3 z - 5  
3.OE-5 
4 . E 4  
7.7E-5 
6.2E4 
29E-5 
27E-5 
- 
4.3E41 
5.lE-5 
1.9E-5 
0 
1 2 - 6  
0 
0 
6.9E-4 
8.6E-5 
8.3E-4 
1%-5 
4.5E-6 
0 
7.1E-4 
2OE-7 
4.384 
6.E-6 
3.1E4 
0 
3.OE-5 
9 J E 5  
1.9E-8 
4.8E4 
GLY 1 
2 6 E 4  
2 2 E 4  
22E-8' 
5.2E4 
4.9E-1 1' 
9.1E-11' 
4.9E4 
1.4E4 
5.1E4 
5.1E-5 
4.9E-5 
- 
8.7E-14 
22E-15 
248-6 
0 
6.9E-4 
6.OE-8' 
6.1E-4 
5.8E-4 
4 2 4  
1.22-5 
0 
8.2E-9' 
1 S - 6  
5.3E-5 
1.7E-5 
0 
l.lE-14 
3.E-6 
5.4E4 
1.5E4 
4.5E-4 
GLYS HIS1 RE1 
13E-7 1JE-12 4%-1W 
7.8E-11' 35E-10 3.OE-10. 
13E-11. 35E-13' 9.8E-12' 
2OE-lO. 4.7E-12' 3.8E-12' 
33E-9. 35E-11 1.Z-6 
1.4E-12. 2.4E-10. 3.5E-l W 
0 4 5 E 4  0 
1.1E4 13E-9 0 
0 1.8E-5 5.2E-4 
0 12E-6 0 
0 l.lE-6 0 
22E-15 2.48-6 0 
2lE-8 3.9E-5 0 
- 3.6E-14' 2.9E-12 
3.6E-14' -- 2.2E- 10. 
29E-12 22-10 '  -- 
15E-11' 2.6E-10' 1.1E-14 
3.9E-l(r 5.6E-7' 2.4E-5 
0 61E-7' 1.7E-5 
2 4 E 4  5 5 E 4  2.E-5 
5.8E-15' 3.9E-15 4.6E-11' 
8.1E-16 2.1E-16 3.3E-13 
0 4.1E-6 7.5E-6 
638-9 1.4E-14 2.6E-5 
0 1.2E-6 1.9E-6 
5.3E-5 2.9E4 0 
0 132-5 6.S-5 
1.9E-16 12E-14' 3.8E-18 
6.5E-11 13E-6 l.lE-4 
0 1.6E-5 0 
1.3E-17 7.6E-13' l.lE-18 
1.3E-12 1 - 1 1  4.3E-11 
9 s - 1 9  1 1 - 1 5  5 s - 1 6  
ARC1 
ARC2 
ASNl 
ASP1 
CYSl 
GLNl 
GLM 
GLU 1 
GLU2 
GLY 1 
GLY3 
GLYS 
LEU1 
LEU2 
LEU3 
LYS 1 
MErE 
MEn 
PHE 1 
SERl 
SER2 
SER3 
THRl 
TRP 1. 
TYRl 
VAL1 
VAL2 
V A W  
LEU2 LEU3 LYSl 
2.8E4 2 0 E 4  13E13  
0 9.3E-101 9 5E-9* 
-4 0 6.4E-15 
2.1E4 0 12E-14 
5 3 E 4  4.3E-7* 2.6E-13 
7 3 E J  15E-7 4.OE-11. 
0 1.8E4 4 2 E J  
0 0 9.48-7 
0 0 1.6E-5 
8.6E-5 8 3 E 4  ISEJ 
7.88-5 7.984 1.4E-5 
6.1E4 5.8E4 4 2 E 4  
2.OE4 3.6E-7 4 5 E J  
0 2AE4 5.8E-15' 
62E-7* 5 J E 4  3.9E-15 
1.7E-5 2.7E-5 4.6E-ll* 
2.8E-5 33E-10 3.48-19 
6.1E-19 13E-17 0 
-- 1.E-12' 0 
1.7E-12. -- 3.9E4 
0 3.9E4 -- 
0 5 1 E 4  9.68-6 
1.6E-5 9.6E-5 3.88-6 
0 1.8E-14 7.6E-13. 
3.7E-5 0 1.6E-5 
0 0 1.6E-6 
4.1E-7 8.4E-6 3.9- 
5.7E-5 07 2.1E-16' 
1.7E-8* 5.8E4 5.9E-8 
1 2 E 4  0 1.4E-7 
2.884 6.8E4 2.8E-14. 
0 0 32E-16 
5.6E-4 5.1E4 2.88-14. 
PHE 1 
1%-9* 
1 J E 4  
G u l l  
GUTZ 
GLY 1 
GLY3 
GLYS 
HIS 1 
UEI 
ILE2 
LEU1 
LEU2 
LEU3 
LYSl 
MErE 
MEn 
PHEl 
SERl 
SERl SERZ SEIU THRl TRPl TYRl 
3.1E-5 0 9.0E4 13E-13 13E-6 1.OE-3 
35E-4 0 0 2.6E-14 24E-5 8.684 
7.OM 3 8 E 4  3.8E-5 4.4813* 13E-9 1.lE-7 
6.884 3.8E4 3.E-S 6.OE-12* 2.lE-8 l.lE-7 
5.OE4 0 0 4.7E-6 8.4E-10' 4.OE-8 
7dE-5 4.OE-5 29E-6 2.6E4 3.98-9 6.1E-4 
6.0E-4 0 0 0 0 1.8E-7 
26E-7 4.9E-12. 6.3E4 1.4E-7' 6AE4 7.6E-11 
2JE-S 2.8E-12 6.1E4 I JE-7' 1.9E4 12E-9 
20E-7 4 3 E 4  6.7E-6 3.1E-4 0 3.OE 5 
1.8E-7 4.1E4 6.3E-6 2.9E4 0 29E-5 
15E-6 5 3 E 3  1.7E-5 0 1.1E14 3.0E-6 
45E-5 0 1.9E4 0 1.8E4 5.4E4 
0 53E-5 0 1.9E-16 65E-11 0 
1.2E-6 2.9E4 1.2E-5 1.2E-14* 13E-6 1.6E-S 
1.9M 0 6SE-5 3.8E-I8 l . lE4  0 
0 0 6.4E4 1.2E-6 6.2E-5 0 
93E-5 0 5.6E-S 0 1.8E-5 0 
3.783 0 4.1E-7 5.7E-5 1.7E-8' 1 2 E 4  
0 0 8.48-6 0 5.8E4 0 
1.6E-5 1.6E-6 3.9E4 2.1E-16. S.9E-8 1.4E-7 
4.5E-6 1.4E-S 1.4E-4 b.9E-13 1 2 - 7  4.38-6 
0 0 4.1E-5 1.8E-5 0 l.lE-6 
7- 0 0 1JE-8 6.8El 5.6E4 
- I .6E-1 l* 1.4E-13*4.OE-9 9.2E-5 15E-10 
1.6E-11' -- 29E-11 2.OE-5 l.lE-13 4.9E-7' 
1.4E-13'2.9E-11 - 0 4.9E-12 7.9E4 
4.OE-9 2.OE-5 0 - 3.6E-11 2.8E4 
92E-5 l.lE-13 4.9E-12 3.6E-11 -- 0 
I JE- I0  4.9E-7. 7.9E4 2.8E4 0 - 
2 5 E 4  0 7.- l.lE-12 1.8E-11' 5.7E4 
4.9E-5 0 0 1.OE-11 7.88-6 8.584 
5 3 E 4  0 0 7.1E-14 9.7E-1 l* 4.4% 
ORlGlNAL PAGE IS 
OF POOR QUALITY 
F J ~ .  1. Percent D-isomer in esterifications of 5' AMP run at 
various times after the preparation of the activated form,Ac-Phe 
imidazolide. The percent D-and L-forms were determined by HPLC 
separations of samples removed from the esterification reaction at 5 min. 
Reactions were at 0 C,pH 7.4. 5'-AMP concentration was 0.009 M and 
Ac-Phe-imidazolide was 0.09 M in the esterifications. The percent D- 
isomer is plateauing at about 65%. Because we know that the Ac-Phe- 
imidazolide becomes racemic with time(inthis case after about 6 Hr.) 
that means the Ac-D Phe is esterifying the AMP65/35=1.86 times as 
fast as the Ac-L-Phe. 
Time, Min 
Time, f l i n  
Fig. 2 P l o t s  o f  HPLC i n t e r g r a t i o n  counts f o r  the  appearance o f  t o t a l  d i e s t e r  (m) and f o r  disappearance o f  Ac-D-PheAMP monoester (0) and Ac-L-PheAMP 
monoester ( @ )  when reac t i ng  the  mixed monoester w i t h  a 10- fo ld,excess o f  
Ac-D-Phe Imidazo l ide  (A)  o r  Ac-L-Phe-Imidazolide (El) a t  O°C and pH 7.4. 
I n t i a l  monoester conc, 10 p moleslml. Th i s  da ta  i s  from one of the  runs 
i n  Table I. 
I n t e g r a t i o n s  o f  Ac-Phe 
monoester d i  sappeari ng x l o q 6  
F i g a 3  . Data f rom Fig. 2 p l o t t e d  t o  show the  equal i t y  o f  disappearance o f  
monoester and appearance o f  d ies te r .  Th is  p l o t  shows t h a t  t he  d i e s t e r  i s  
a r i s i n g  s o l e l y  f rom monoester and no t  f rom f r e e  AMP which was p rev ious l y  
removed by SEP-PAK separat ion. 
Time, l l i n  
F ig .  4.Pseudo f i r s t  order  p l o t  o f  the data i n  Fig. 2 f o r  t he  disappearance o f  
AC-D-Phe-AMP monoester (3.1)) and f o r  t h e  disappearance o f  Ac-L-PheAMP 
monoester ( 0 , O )  when t rea ted  w i t h  Ac-0-Phe i rn idazol ide (open po in ts )  o r  
Ac-L-Phe-imidazolide (c losed po in ts )  t o  form the  Ac-Phe d ies ter .  I n i t i a l  
im idazo l ide  conc. 1 0 0 ~  moles/ml, monoester conc. 1 0 ~  moles/ml a t  pH 7.4 and 
0°C. Reactions contained about 15% dimethylformamide which was no t  necessary 
bu t  was car red over from the imidazol ide synthesis. 
ORIGINAL PAGE IS 
OF POOR QUALITY 
8 6 4 2 0 PPM 
F i u . 5  PNR s p e c t r a  of A.Acetylglycine and b u t y r i c  a c i d  e s t e r  of 
5'-.I?MP and B.  b u t y r i c  a c i d  monoester of 5'-AMP. Spec t r a  w e r e  run on Nico l e t  300 
lYHz sp?c t rometer  i n  t h e  pu l se  mode. Samples were 0.004 M i n  0.05 m 
phosphate a t  pD 5. I n  t h e  monoester spec t rum(B) ,  t h e  b u t y r i c  a c i d  
d i s t r i b u t e s  between the 2 ' ( 4 0 % )  and 3 ' ( 6 0 % )  g i v i n g  r i s e  t o  two s e t s  of peaks 
f o r  each kind of  b u t y r i c  p ro ton ,  t h e  l a r g e r  s e t  i n  each ca se  i s  t h e  3 '  
e s t e r .  I t  can be s een  i n  t h e  upper s~ectrum t h a t  t h e  b u t y r i c  a c i d  
s i g n a l s  correspond t o  t h e  3 '  ester peaks i n  the lower spectrum. These 
d a t a  show conc lus ive ly  t h a t  t h e  b u t y r i c  a c i d  which w a s  e s t e r i f i e d  t o  
t h e  AMP f i r s t ( s e e  A . )  is now i n  t h e  3 '  p o s i t i o n  and the Ac-Gly ,added 
second, is  i n  t h e  2 '  p o s i t i o n .  
3 1 
F ig .  6 FLOWSHEET FOR THE PREFERENTIAL CATALYSIS OF THE SYNTHESIS m- 
L-AMINO A C I D  P E P T I D E S  ON THE R I B O S E  OF 5'-AMP 
U S I N G  THE SYNTHESIS OF TRIPHENYLALANINE A S  AN 
ORIGINAL PAGE IS EXAMPLE 
OF POOR QUALITY 
E s t e r l f i c a t i o n  o f  the 2 '  
p o s l t l o n  o f  5'-AMP y l e l d i n g  
a  monoester o f  AcPhe. Oata 
suggest e s t e r i f l c a t i o n  i s  
exc1uslve ly  a t  the 2 '  
~ o s I t 1 0 n .  
R e d l s t r l b u t l o n  o f  the Ac-Phe 
t o  the 3 '  p o s i t l o n  leav ing the 
2 '  p o s i t l o n  open f o r  d tes te r  
formatton. I f  the Ac-Phe i s  L-isomer. 
67% I s  i n  the 3 '  pos i t i on .  i f  D-Isomer 
50% I s  i n  the 3 '  pos i t ton  
110 6 
Phe 
 he 
AC 
D l s t r l b l t l o n  o f  the pep t lde  t o  
the 3 '  pos i t l on .  I f  the newly 
added amlno acid I S  L. 67% 
o f  the pep t lde  w i l l  be I n  
the 3 '  pos i t l on .  I f  0 ,  50% 
Reaction w i t h  another a c t l v a t e d  
amino ac id  e s t e r l f y l n g  the 2 '  
p o s i t i o n  w i t h  an amlno a c i d  having 
a  f ree  NH, (a amino), again 
p r e e x i s t l n g  L-amino a c i d  pept ide 
would reac t  th ree  t lmes as fast 
as p r e e x i s t l n g  0-peptlde. 
?,+e React lon o f  the 2 '  p o s l t l o n  w i t h  I o 
Phe-x. The 2 '  pOSitlOn has been shown ~ \ e  
t o  be almost exc lus ive p o s i t i o n  o f  ?$e Formation o f  another pep t lde  
PlieX a t t a c k  t o  form d les te r .  Conseguently bond y i e l d l n g  a  b locked 
a  p r e e x l s t t n g  L-mono es te r  reacts  3 tlmes \II. 
t r l p e p t l d e  i n  the 2 '  p o s l t l o n  
\II as r a o i d l y  as D t o  y i e l d  d les te r .  The cyc le  o f  r e d i s t r i b u t i o n  
Experimental l y  v e r i f l e d .  t o  3' ,amlnoacylat lon o f  2 '  
and PeDtlde bo ld  f O ~ t 1 0 ~  
could continue I n d e f l n l t e l y .  
y i e l d i n g  la rge  pept ides 
and f l n a l l y :  
1 0 110 O 
?he 
The 
4 c 
Formation o f  Ac-Phe-Phe by 
n u c l e o p n l l i c  a t tack  o f  L-amlno group ' C  
o f  the amino a c i d  i n  2 '  p0s l t lOn h c 
on the carboxyl o f  the Ac-Phe 
I n  the 3 '  p o s i t i o n .  y l e l d l n g  Ac-Phe-Phe 
i n  the 2 '  pos i t i on .  Data show the 
pep t lde  can form. 
11 (. 
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U h l l e  the a b l l l t y  o f  AMP t o  ca ta l yze  the synthesls  o f  peptldes 
i s  poss ib le  simply bCCaUSC the d t e s t e r  can be formed and adjacent 
r e a c t l v e  specles can reac t  w i t h  each o the r ,  the a b l l l t y  t o  
p r e f e r e n t l a l l y  synthesize L-based pept ldes depends on two factors:  
(1) a l l  e s t e r l f l c a t l o n s  occur a t  the 2 '  p o s l t l o n  and (2 )  a l l  
L-amino ac ids (and Glyc lne)  d l s t r l b u t e  p r e f e r e n t l a l l y  t o  the 3 '  
p o s l t l o n  (-67%). Conseguently w i t h  L-amino ac ids  ( o r  p e p t l d o )  
67% o f  the reac t l ve  2 '  p0SIt l0fI  I s  a v a l l a b l e  f o r  format ion o f  t!e 
d t o t e r .  Wlth 0-amino ac ids  ( o r  pept ldes)  the  percent of the 2 
p o s l t l o n  a v a l l a b l e  1s n o t  constant  b u t  v a r l e s  Inve rse ly  as the 
hydrophoblc l ty  o f  the amlno ac id.  Trp. f o r  example on ly  having 
40% o f  the 2' p o s l t l o n  ava i lab le .  A l l  steps have been 
exper tmenta l ly  v e r i f i e d ,  b u t  whether the re  i s  any d i f f e r e n c e  I n  
+ 
AcPhePhePhe 
Hydro lys is  o f  the pep t ide  
regenerating the 5'-AMP 
unchanged and re leas ing  the 
peptlde. 
ra tes  of pep t lde  format ion dependlng on the c m l n a t l o n  o f  o p t l c a l  
isomers i s  n o t  y e t  known I e  does the comblnatlon LL r e a c t  f a s t e r  
than c o m l n a t l o n  DL e tc?  There may w e l l  be selectivity a t  the  p o i n t  
of pep t lde  bond format ion also. Thls abl  l f t y  of 5'-AllP (and perhaps 
Other r l b O n u C l e ~ t l d e s )  t o  cata lyze the synthesls  o f  pep t ldes  may 
w e l l  be the most p r l m l t l v e  and fundamental r e l a t i o n s h i p  between the 
p r o t e i n  and nuc le l c  a c l d  system. Furthennore the o r i g i n  and evolu- 
t i o n  of the  process o f  p r o t e i n  synthesis may simply be an 
e l a b o r a t i o n  o f  t h l s  a b i l i t y .  B u i l t  I n t o  the r e l a t i o n s h i p  i s  n o t  
on ly  t h e  b a s l s  f o r  synthesls  o f  the pep t lde  bond b u t  a l s o  
s e l e c t l v l t y  f o r  L- isaners and the bas ls  f o r  g r o r t h  from M I n o  t o  
carboxy l e  d l r e c t l o n  I f  p r o t e f n  synthesls. 
Time, H r s  . 
Fig.  7.  The disappearance of HPLC i n t e g r a t i o n  counts(.) i d e n t i f i e d  
wi th  Ac-L-Phe-AMP monoester( 3.8 min. peak)  with t ime and t h e  appearance 
of i n t e g r a t i o n  counts(G) i d e n t i f i e d  wi th  t h e  p u t a t i v e  3'Ac-Phe- 
2'tBOC Phe-AMP d i e s t e r ( l 8  min. peak) with time. Reaction cond i t i ons  
and HPLC condi t ions  a r e  descr ibed  i n  t h e  t e x t .  
Wavelength, nm 
~ig.8. R e l a t i v e  f l u o r e s c e n t  s p e c t r a  of t h e  3'-Ac-D-Trp-KT 
: 2<  Z'Ac-D-Trp-PAP monoesters  when e x c i t i n g  a t  275 nm. Samples 
were i d e n t i c a l  c o n c e n t r a t i o n s ( a b o u t  ~ o - ~ M )  and were a t  pH 2 i n  
20% CH30H;0.05 M p h o s p h o r i c  a c i d .  S c e c t r a  were recorded  on a 
Perkin-Elmer 650-40 F luorescence  S p e c t r o m e t e r .  
Hydrolysis of Phenyl-3-Propionic 
Acid = AMP Anhydride 
Fig. 9 .  Log k(rnin.-l) of t h e  hydro lys i s  cons t an t s  (pseudo f i r s t  
o rde r )  p l o t t e d  vs. the pH a t  2 5 O ~ .  Each p o i n t  r ep re sen t s  t he  l o a  k 
f o r  t h e  r a t e  cons t an t  run a t  t h r e e  d i f f e r e n t  b u f f e r  concent ra t ions  
(0.0125, 0.025, and 0.05 M)and s o  t h e r e  is very l i t t l e  s a l t  o r  
s p e c i f i c  i o n  e f f e c t  on the  r a t e  of hydro lys i s .  
figure 10. A hiscogram showing the distribution of E values calcuiatcd from 
~omparisons among 35 E. coli W A S .  The procedure for calculating E is 
d e b b e d  in the text Note the peaks at > x > loe4 and lom9 > x >lo-ll .  
Thcsc m due in large pan to consmarion of basts in the D and W C  loops. 
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A b s t r a c t  
For many y e a r s  now we have a t t empted  t o  e l u c i d a t e  t h e  molecu la r  b a s i s  f o r  
t h e  o r i g i n  of t h e  g e n e t i c  code and t h e  p r o c e s s  of  p r o t e i n  s y n t h e s i s .  Although 
w e  a r e  no t  a t  a  p o i n t  of  s a y i n g  j u s t  what t h e  molecu la r  b a s i s  was, s e v e r a l  f i n -  
d i n g s  have c l a r i f i e d  c e r t a i n  a s p e c t s  of  t h e  problem. For  example, c o r r e l a t i o n s  
o f  p r o p e r t i e s  of amino a c i d s  and t h e i r  a n t i c o d o n i c  n u c l e o t i d e s ,  whi le  not  
answering t h e  q u e s t i o n  of mechanism, make i t  obv ious  t h a t  t h e  g e n e t i c  code i s  
n o t  a  random m a t r i x  but  has  a  d e f i n i t e  l o g i c  t o  i t .  T h i s  i s  a  f i r s t  l e v e l  
answer ,  which s u g g e s t s  t h e  under ly ing  l o g i c  h a s  a  molecu la r  b a s i s  which can  be 
d i s c e r n e d .  De te rmina t ion  of b ind ing  c o n s t a n t s  between amino a c i d s  and n u c l e o t i -  
des h a s  r e v e a l e d  d e f i n i t e  s e l e c t i v i t i e s  which t end  t o  be a n t i c o d o n i c .  Reac t ion  
r a t e s  between amino a c i d s  and n u c l e o t i d e s  have a l s o  been shown t o  be s e l e c t i v e  
w i t h  a n  a n t i c o d o n i c  b i a s  i.e. some amino a c i d s  t end  t o  r e a c t  f a s t e r  w i t h  t h e i r  
an t i codons .  
Numbers o f  hydrophobic i n t r a m o l e c u l a r  i n t e r a c t i o n s  have been observed 
showing t h a t  hydrophob ic i ty  i s  a  d e f i n i t e  o r g a n i z i n g  p r i n c i p l e .  Th i s  k ind  of 
i n t e r a c t i o n  h a s  a l s o  been shown t o  have some c h i r a l  s e l e c t i v i t y  o f f e r i n g  a t  
l e a s t  a  p a r t i a l  e x p l a n a t i o n  of t h e  o r i g i n  of  t h e  u s e  of L-amino a c i d s  i n  add i -  
t i o n  t o  e x p l a i n i n g  t h e  o r i g i n  of  s e v e r a l  a s p e c t s  of contemporary p r o t e i n  synthe-  
sis. 
The proposed program i s  des igned  p r i n c i p a l l y  t o  f i n i s h  up s e v e r a l  p r o j e c t s  
a l r e a d y  begun. 
These a r e :  
1. Completion.~£ a study of the 2'-3' distribution of D and L amino acids 
and carboxylic acids esterified to mononucleotides. These studies 
relate to the origin of several factors regarding the 3' end of tRNA 
and offer one explanation for the use of L-amino acids in protein 
synthesis. 
2. Structural studies of D- and L-aminoacyl-nucleotide esters, ~rincipally 
5'-AMP, as a model of the end of the tRNA. These studies will use NMR, 
and xiray diffraction. 
3. Oligopeptide-oligonucleotide interactions. These studies will attempt 
to determine the binding constants between a tetrapeptide and its codo- 
nic and anticodonic DNA strands. NMR and ORD will be the principal 
tools. These studies will attempt to determine whether the amino acid 
- codon or anticodon binding is stronger and whether the 3/1 coding 
ratio is a fundamental thing or not. 
4. Starting with aminoacyl-AMP esters we will study peptide bond formation 
using D and L amino acids at various concentrations and determine 
whether a poly U template will enhance peptide bond formation. This 
study attempts to establish a model of primitive protein synthesis. 
5. We will continue to study tRNA evolution and investigate 5s rRNA as a 
possible primitive universal translator molecule and source of tRNAs. 
Summary of Previous Work 
-
Because this project has continued for many years now, a detailed summary 
of the work would be unduly long, unwieldy and even unnecessary. I presume what 
the reviewers would like would be a concise summary that  reveals whether the 
work had produced meaningful results which are leading us to an understanding of 
the origin of the genetic code and the process of protein synthesis. To that 
end I will use a tabular form of presenting the conclusions and showing the flow 
of concepts. The listings will not necessarily be in chonological order. The 
publications relevant to that particular concept will be listed. Those par- 
ticular areas which will be the subject of the proposed research will be separa- 
tely reviewed in some detail just before the proposed work is described. 
Table 1. Summary of. Previous Research 
Type of experiment 
Thermal proteinoids interacting with homopolyribonucleotides 
References 
Fox, S.W., Lacey, J.C.,Jr. and Nakashima, T., Interactions of thermal 
p;oteinoids with polynucleotides, in Nucleic-protein interact ions - 
Nucleic - acid synthesis in viral infections, D.W. Ribbons, J.F. ~osener 
-- 
and J. Schultz, eds. North-Holland Pub. Co., Amsterdam, London (1972) 
pp 113-127. 
Lacey, J.C.,Jr., Stephens, D.P., and Fox, S.W., Selective formation of 
microparticles by homopolyribonucleotides and proteinoids rich in amino 
acids. Biosystems - 11 9-17 (1979). 
Lacey, J.C.,Jr., Yuki, A., and Fox, S.W., Co-precipitation of thermal 
lysine rich proteinoids with polyribonucleotides. Biosystems - 11 1-7 
(1979). 
Comments 
By and large thermal proteinoids rich in one amino acid and containing 15 mole Z 
lys will coprecipitate selectively with their anticodonic homopolyribo- 
nucleotide. Our first indications of anticodonic preferences by amino acids 
were with thermal proteinoids. Lys-rich preferred poly U, Gly-rich preferred 
poly C, Pro-rich preferred poly G. The lys preference for poly U is the only 
data we have for a hydrophilic amino acid preferring its anticodonic nucleotide. 
Most of the data we have are for hydrophobic amino acids. 
Correlations of properties 
References 
Lacey, J.C.,Jr. and Weber, A.L., The origin of the genetic code: An amino acid 
anticodon relationship, in Protein Structure - and Evolution, L. Fox, Z. Deyl 
and A. Blasej, eds., Marcel Dekker (1976) pp. 213-22. 
Weber, A.L. and Lacey, J.C.,Jr., Genetic code correlations: Amino acids and 
their anticodon nucleotides. J. Mol. Evol. - 11 199-210 (1978). 
Comments 
The preferential binding of proteinoids to their anticodon led us to look for 
other data. It was found that hydrophobicities or hydrophilicities of amino 
acids correlate with those of their anticodons. This is good evidence that the 
code is not random. We began to think of the genetic anticode and the Logic of 
the anticode became more apparent. Some anticodonic assignments did not fit the 
correlations and we postulated that these assignments were made late in evolu- 
tion after the process of protein synthesis had become established. This led to 
a study of tRNA evolution later. 
Type of experiment 
Selective interaction of amino acids and nucleotides using NMR 
References 
Khaled, M.A., Mullins, D.W.,Jr., Swindle, M. and Lacey, J.C.,Jr., Complexes of 
polyadenylic and the methyl esters of amino acids, Orig, Life - 13 87-96 
(1983). 
Khaled, M.A,, Mullins, D.W.,Jr., and Lacey, J.C.,Jr., Binding constants of phe- 
nylalanine for the four mononucleotides, J. Mol. Evol. - 20 66-70 (1984). 
Khaled, M.A., Watkins, C.L. and Lacey, J.C., Jr. , 2~ NMR demonstration of amino 
acid - nucleotide interactions, Biochem. Biophys. Res. Comm. - 106 1426-1434 
( 1982). 
Comments 
The c o r r e l a t i o n s  of p r o p e r t i e s  must be based on  some more fundamental r e a l i t y .  
One p o s s i b i l i t y  i s  t h a t  they a r e  due t o  s e l e c t i v e  i n t e r a c t i o n s  between amino 
a c i d s  and an t i codons .  I n  s tudy ing  t h a t  p o s s i b i l i t y  w e  have used NMR. We found 
t h a t  Phe p r e f e r e n t i a l l y  a s s o c i a t e s  w i t h  i t s  a n t i c o d o n i c  n u c l e o t i d e  AMP > GMP > 
CMP > CMP. Also  t h e r e  i s  an h e i r a r c h y  of amino a c i d s  (having A a s  middle a n t i -  
codonic  l e t t e r )  i n  t h e i r  a s s o c i a t i o n  w i t h  poly  A; Phe > Leu = I le > Val > Gly. 
Gly was inc luded  f o r  comparison. I n  t h e s e  s t u d i e s  a  p r i n c i p l e  was d i s p l a y e d .  
If one t a k e s  a hydrophobic moiety and s t u d i e s  t h e  b ind ing  of a s e r i e s  of second 
t y p e  of compound t o  t h e  f i r s t ,  t h e  b ind ing  c o n s t a n t s  vary d i r e c t l y  a s  t h e  
hydrophobic i ty  of t h e  second type of compound. 
Type of exper iment  
S t r u c t u r a l  s t u d i e s  of aminoacyl n u c l e o t i d e s  and n u c l e o t i d e s  
Refe rences  
S t e r n y l a n z ,  H., Subramanian, E., Lacey, J.C.,Jr. and Bugg, C.E. ,  I n t e r a c t i o n s  
of hydrated metal i o n s  wi th  n u c l e o t i d e s ;  t h e  c r y s t a l  s t r u c t u r e  of barium 
adenosine  S 'monophosphate  hep tahydra te ,  Biochemist ry  - 15 4797-4802 (1976). 
Lacey, J .C. ,Jr- ,  H a l l ,  L.M., Mull ins ,  D.W.,Jr. ,  and Watkins, C.L., C h i r a l l y  
s e l e c t i v e  i n t r a m o l e c u l a r  i n t e r a c t i o n  observed i n  an  aminoacyl a d e n y l a t e  
anhydr ide ,  Orig.  L i f e  - 16 151-156 (1985):- 
Lacey, J.C.,Jr., Mull ins ,  D.W.,Jr., and Watkins,  C.L., A l i p h a t i c  amino a c i d  s i d e  
c h a i n s  a s s o c i a t e  w i t h  t h e  "face"  of t h e  a d e n i n e  r i n g ,  J. Biomol. S t r u c t .  and 
Dynam. - 3 783-793 (1986). 
Lacey, J.C.,Jr., Thomas, R.D., Hawkins, A. and Watkins, C.L., ~ i f f e r e n t i a l  
d i s t r i b u t i o n  of D- and L-amino a c i d s  on t h e  2 '  and 3' p o s i t i o n s  a t  t h e  3 '  t e r -  
minus o f  tRNA, submit ted t o  Proc. Natl. Acad. Sc i .  
Comments 
A f f i n i t i e s  between amino a c i d s  and n u c l e o t i d e  bases  shou ld  c a u s e  c e r t a i n  pre- 
f e r r e d  conformat ions .  NMR s t u d i e s  have shown t h a t  w i t h  t h e  hydrophobic  
n u c l e o t i d e  5'-AMP t h e r e  a r e  d e f i n i t e  i n t r a m o l e c u l a r  i n t e r a c t i o n s  w i t h  hydropho- 
b i c  amino a c i d s  o r  c a r b o x y l i c  a c i d s  e i t h e r  e s t e r i f i e d  t o  t h e  r i b o s e  group o r  
a t t a c h e d  t o  t h e  phosphate group. The i n t e r a c t i o n s  a r e  between t h e  hydrophobic 
amino- o r  c a r b o x y l i c  a c i d  and t h e  aden ine  r ing.  These i n t e r a c t i o n s  tend t o  g i v e  
d e f i n i t e  conformat ions  t o  t h e s e  impor tan t  compounds and i n d i c a t e  t h e  importance  
of  hydrophob ic i ty  a s  a n  o r g a n i z i n g  p r i n c i p l e  i n  t h e  o r i g i n  of t h e  code and t h e  
p r o c e s s  of p r o t e i n  s y n t h e s i s .  With t h e  a d e n y l a t e  anhydr ides  t h e r e  i s  a  pre- 
f e r e n t i a l  i n t e r a c t i o n  of t h e  L-phenylalanine (more than  t h e  D i somer )  w i t h  t h e  
a d e n i n e  r ing.  Also  i n  e s t e r s  of t h e  r i b o s e  of 5'-AMP, t h e  L-amino a c i d s  d i s t r i -  
b u t e  t o  t h e  3'  p o s i t i o n  67%, 2 '  33%. The D-amino a c i d s  and c a r b o x y l i c  a c i d s  
d i s t r i b u t e  t o  t h e  3' p o s i t i o n  i n v e r s e l y  a s  a  f u n c t i o n  of t h e  hydrophob ic i ty  of 
t h e  ac id .  Th i s  d a t a  p o s s i b l y  e x p l a i n s  t h e  o r i g i n  of t h e  e x c l u s i v e  u s e  of t h e  3 '  
p o s i t i o n  a t  t h e  end of  tRNA f o r  p e p t i d e  bond fo rmat ion  and o f f e r s  a t  l e a s t  a  
p a r t i a l  e x p l a n a t i o n  f o r  t h e  o r i g i n  of t h e  p r e f e r e n t i a l  u s e  of L-amino a c i d s  i n  
p r o t e i n  s y n t h e s i s .  
The X-ray s t r u c t u r e  of Ba-AMP showed t h e  metal  was bound t o  t h e  n u c l e o t i d e  
th rough  seven of t h e  e i g h t  waters of h y d r a t i o n  of t h e  barium. The n u c l e o t i d e  
was i n  t h e  a n t i c o n f o r m a t i o n  w i t h  a n  unusual  C4 (exo)  r i b o s e  r i n g .  
- 
Type of experiment 
Chemical r e a c t i o n s  r e l e v a n t  t o  p r o t e i n  s y n t h e s i s  
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Comments 
The s t u d i e s  i n  t h e s e  pape r s  have shown t h a t  v i r t u a l l y  a l l  of  t h e  s t e p s  i n  pro- 
t e i n  s y n t h e s i s  a r e  spon taneous  and some a r e  s e l e c t i v e .  The s t u d i e s  i n c l u d e  non- 
enzymat i c  a c t i v a t i o n  of amino a c i d s  w i t h  ATP, t r a n s f e r  of  amino a c i d  f rom 
a d e n y l a t e  a n h y d r i d e  t o  i m i d a z o l e  and t h e n  t o  2 ' O H  g r o u p s  o f  p o l y r i b o n u c l e o t i d e s  
o r  2 ' -3 '  g r o u p s  o f  5'-AMP, f o r m a t i o n  o f  p e p t i d e s  from i m i d a z o l i d e s  and f rom 
a d e n y l a t e  a n h y d r i d e s ,  s e l e c t i v e  (Phe  > Leu > Val > I l e )  e s t e r i f i c a t i o n  rates o f  
5'-AMP and po ly 'A  u s i n g  aminoacyl  i m i d a z o l i d e s .  
The h y d r o l y t i c  p r o p e r t i e s  of  amino a c y l - ,  N-blocked aminoacyl-  and c a r b o x y l i c  
a c i d  a d e n y l a t e  anhydr ides  and esters were  de t e rmined .  G e n e r a l l y  N-blocked and 
c a r b o x y l i c  a c i d  d e r i v a t i v e s  are more s t a b l e  t h a n  f r e e  aminoacyl  d e r i v a t i v e s .  
Compara t ive  r a t e s  of e s t e r i f i c a t i o n  o f  5'-AMP and 5'-UMP w i t h  Ac-Phe-imidazolide 
showed t h e  a n t i c o d o n i c  n u c l e o t i d e  (5'-AMP) r e a c t e d  f a s t e r .  T h i s  l a t t e r  f i n d i n g  
l e d  t o  a n  h y p o t h e s i s  t h a t  t h e  amino a c i d  s i d e  c h a i n s  and b a s e  r i n g s  are l i k e  
"p iggy  back" c a t a l y s t s  g i v i n g  b u i l t  i n  c o d e - r e l a t e d  s e l e c t i v i t y  i n  amino a c i d -  
n u c l e o t i d e  r e a c t i o n s .  
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One might summaummarize t h e  r e s u l t s  p resen ted  i n  t h e  t a b l e  by s a y i n g  t h a t  t h e r e  
i s  l i t t l e  doub t  t h a t  t h e r e  was a  d e f i n i t e  molecu la r  b a s i s  f o r  t h e  o r i g i n  of t h e  
bulk  of  t h e  g e n e t i c  code ass ignments .  This  i s  p r i n c i p a l l y  r e v e a l e d  by t h e  
c o r r e l a t i o n s  of p r o p e r t i e s  of  amino a c i d s  and t h e i r  an t i codons .  However, t h e  
i d e a  i s  f u r t h e r  suppor ted  by b i a s e s  i n  b ind ing  c o n s t a n t s  between amino a c i d s  and 
n u c l e o t i d e s  and t h e s e  i n  t u r n  g i v e  r ise t o  b i a s e s  i n  r e a c t i o n  r a t e s  between 
amino a c i d s  and n u c l e o t i d e s .  The d a t a  not  o n l y  o f f e r  beg inn ing  e x p l a n a t i o n s  f o r  
d i s t i n g u i s h i n g  between d i f f e r e n t  amino a c i d s ,  b u t  a l s o  between t h e  D- and L- 
forms of t h e  amino a c i d s .  Furthermore,  i n t r a m o l e c u l a r  i n t e r a c t i o n s  between 
amino a c i d s  and n u c l e o t i d e  bases  i n  aminoacyl n u c l e o t i d e  anhydr ides  and e s t e r s  
g i v e  r i s e  t o  s p e c i f i c  conformat ions  of t h e s e  molecu les ,  which conformat ions  i n  
t u r n  can  p lay  a r o l e  i n  t h e  s e l f  o r g a n i z a t i o n  o f  molecu la r  systems.  The progno- 
s i s  remains good, I b e l i e v e ,  t h a t  s t u d y  of t h e  c h a r a c t e r  of t h e  component mole- 
c u l e s  w i l l  a l l o w  u s  t o  unders tand t h e  b a s i s  of t h e  o r i g i n  of  t h o s e  biochemical  
e n t i t i e s ,  t h e  g e n e t i c  code and p r o t e i n  s y n t h e s i s .  
Proposed Program 
Because t h e  f o r e g o i n g  summary of a l l  of t h e  p r e v i o u s  work was s o  abbre- 
v i a t e d ,  a d d i t i o n a l  background in fo rmat ion  w i l l  be f u r n i s h e d  a l o n g  w i t h  each  of  
t h e  r e s t r i c t e d  c a t e g o r i e s  of proposed r e s e a r c h  s o  t h e  r e v i e w e r s  c a n  be aware of 
t h e  e x t e n t  and d e t a i l s  of p rev ious  work and what remains  t o  be done i n  each  
case .  
2 ' -3 '  d i s t r i b u t i o n  of  amino- and c a r b o x y l i c  a c i d s  when 
e s t e r i f i e d  t o  n u c l e o t i d e s  
Every amino a c i d  coming i n t o  p r o t e i n  s y n t h e s i s  i s  e s t e r i f i e d  t o  t h e  r i b o s e  
group of  t h e  AMP a t  t h e  3'  end of i t s  cogna te  tRNA. Although e a c h  aminoacyl 
2'0 4'0 - 
T i m e ,  Piinutes 
Fig. 1 HPLC t r a c i n g  f o r  s epa ra t ion  of  crude Ac-Phe-AW e a t e r  on phenyl Bondapak column (5 u p a r t i c l e s ;  3 mm c o l w n  30 
cm long)  uaing 131 methyl a l c o h o ~ .  0.05 M phosphate, pH 2.0. 1.0 ml/min; c h a r t  3 m a h i n .  Absorbance a t  260 nm 
wi th  a  range of  0.05. Peaks were i d e n t i f i e d  by PMR. Note t h a t  i n  t h i s  p repa ra t ion  beginning wi th  Ac-L-Phe. 
somc Ac-D-Phe AMP e s t e r  i s  p re sen t  due t o  p a r t i a l  racemlzat lon dur ing t h e  r eac t ion .  Also note  t h a t  t h e  3' 
Ac-L-Phe-AMP peak is about twice t h e  s i z e  of t h e  correapondlng 2'  Ac-L-Phe-AMP peak, but t h a t  t h e  two D isomers 
a r e  nea r ly  t h e  aem s i ze .  
6 4 2 0 PPM 
Fig. 2 PMR spectrum of b u t y r i c  acld-AMP e s t e r  a t  0.004 n i n  0.05 M phosph6te and pD 6.5 us ing  our high r e s o l u t i o n  
Nico le t  300 WC Spectroacter .  The a p e c t r w  ahown l a  a f t e r  about  200 accumarla t iona.  The r e fe rence  is e x t e r n a l  
d e u t e r a t e d  TSP ( S o d i u r 3 - t r i a c t h y l ~ i l ~ l p r o p i 0 n a t ~ 2 ~ Z , 3 , 3 .  The proton peaks f o r  t h e  H ' and t h e  H ' of  the  
correaponding b u t y r i c  AKP e a t e r s  a r e  ahown dovnf i e ld  a t  about 5.5 ppm and a r e  i n t a g r a t e d  ti g ive  the  1'3' 
e a t e r .  The s e p a r a t e  K ' doub le t s  a t  about  6.3 p p  can a l a o  be in t eg ra t ed  t o  g i v e  t h e  Z 3' e s t e r .  Upfie ld  
a i g n a l a  r ap resen t ing  t6e  b u t y r i c  cha in  a l a o  ahox two a e t s  of s i g n a l s ,  one f o r  t h e  2' e a t e r  and one f o r  t h e  3' 
e s t e r .  I n  eve ry  case  t h e  2' e s t e r  peaks a r e  f u r t h e r  up f i e ld ,  8uggea t iW~ t h a t  when i n  t h e  2 '  poa i t i on .  t he  
hydrophobic b u t y r i c  chain  can  a a a o c i a t e  more wi th  t h e  adenine r i n g  than when i n  t h e  3'  poa i t i on .  
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Fig.  4 P e r c e n t  3 '  e s t e r  as a  f u n c t i o n  of t h e  l e n g t h  of t h e  c a r b o x y l i c  a c i d  
c h a i n  l e n g t h  ( l i n e a r  c h a i n s  o n l y )  f o r  e s t e r s  of 5'-AMP, 5'-GMP and 
5'-UMP. I n s e t  i s  t h e  d a t a  f o r  5'-AMP on ly  e x p r e s s e d  a s  t h e  e q u i l i b r i u m  
c o n s t a n t  ( %  3 '  /% 2'  1. 
Fig. 
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Percent  3 '  e s t e r  of t he  Ac-D- and L-amino ac ids  p lo t t ed  versus t h e  d a t a  
f o r  t h e i r  carboxyl ic  ac id  analogs. These d a t a  a r e  f o r  5'-AMF' e s t e r s  
only. The analogs a r e  propionic  ( f o r  a l a ) ;  i s o v a l e r i c  ( f o r  v a l ) ;  
4-methyl v a l e r i c  ( f o r  l e u )  and phenyl-3-propionic ( f o r  phe). Because 
t h e  s l o p e  of t h e  l i n e  f o r  t h e  D-amino a c i d s  i s  about 45', i t  shows t h a t  
t h e  D-amino ac ids  a r e  behaving i d e n t i c a l l y  as t h e i r  ca rboxy l i c  analogs. 
The I-amino a c i d s  a r e  d i s t r i b u t i n g  - 67% t o  t h e  3' p o s i t i o n  r e g a r d l e s s  
of t h e  s i d e  chain. 
The r e s u l t s  w i t h  5'-GMP s o  f a r  a r e  a lmost  t h e  same as w i t h  5'-AMP (Table  2 ) .  
However, t h e  r e s u l t s  w i t h  5'-UMP show t h a t  hydrophobic c a r b o x y l i c  a c i d s  a r e  n o t  
d i s c r i m i n a t e d  a g a i n s t  i n  t h e  3 '  p o s i t i o n  a s  much a s  w i t h  5'-AMP and 5'-GMP ( F i g .  
4 ) .  
Because t h e  pyr imid ines  a r e  much less hydrophobic than  t h e  p u r i n e s  ( ~ e b e r  
and Lacey, 1978),  one  would e x p e c t  t h e  pyr imid ines  t o  be l e s s  e f f e c t i v e ,  
assuming hydropobic i n t e r a c t i o n s  are p lay ing  a  r o l e .  I f  i t  t u r n s  o u t  t h a t  t h e  
two pyrimidines '  a r e  l e s s  d i s c r i m i n a t i n g  a g a i n s t  t h e  D-amino a c i d s ,  t h e n  i t  may 
e x p l a i n  a n o t h e r  a s p e c t  of contemporary tRNA composit ion.  The f o u r t h  n u c l e o t i d e  
from t h e  3' end of tRNA i s  v a r i a b l e  (Cro the r s  e t  a l . ,  1972) b u t  survey of t h e  
1985 compi la t ion  ( S p r i n z l  e t  a l . ,  1985) shows t h a t  71% of  t h e  sequences  have 
a n  A i n  t h a t  p o s i t i o n ,  20% have a G w i t h  t h e  pyr imid ines  t o t a l l i n g  on ly  9% 
t o g e t h e r .  Th i s  o b s e r v a t i o n  s u g g e s t s  t h a t  p r i m i t i v e  tRNAs may have e x i s t e d  which 
t e rmina ted  p r i n c i p a l l y  i n  e i t h e r  A o r  G i n s t e a d  of -CCA, t h e  p u r i n e s  be ing  t h e r e  
t o  h e l p  d i s c r i m i n a t e  a g a i n s t  hydrophobic  D-amino a c i d s .  
Our proposed r e s e a r c h  o n  t h i s  c a t e g o r y  i s  t o  add more h y d r o p h i l i c  amino 
a c i d s  t o  t h e  5'-AMP d a t a ,  t o  a c q u i r e  t h e  same complete  s e t  of  d a t a  w i t h  5'-GMP, 
5'-CMP and 5'-UMP u s i n g  s y n t h e s i s ,  WLC and NMR procedures  a l r e a d y  d e s c r i b e d  i n  
T a b l e  2. I n  e s s e n c e  w e  p ropose  t o  a c q u i r e  t h e  d a t a  t o  f i l l  i n  t h e  b lank  s p a c e s  
i n  Table  2. 
When t h e  r e s u l t s  a r e  complete  w e  should  b e  a b l e  t o  draw more f i r m  conclu- 
s i o n s  r e g a r d i n g  t h e  molecu la r  b a s i s  f o r  t h e  o r i g i n  o f  t h e  p r e f e r e n t i a l  u s e  of 
t h e  L-amino a c i d s  i n  t h e  3' p o s i t i o n  f o r  p r o t e i n  s y n t h e s i s .  Secondly,  t h e  
r e s u l t s  from a l l  f o u r  n u c l e o t i d e s  may a l l o w  u s  t o  s a y  why t h e r e  is a  p r e f e r e n c e  
| able 2. Percent 3' Isomer for Various Acetyl Amino Acids and 
Carboxy-lic Acid Esterified to 5'-AMP, 5'-GMP or 5'-UMP 
Amino or 
Carboxylic Acid 5' -AMP 5' -GMP 5 ' -UMP 5' -CMP 
Ac-Cly 
Ac-L- Pro 
Ac-D-Pro 
Acetic 
Propionic 
Butyric 
Valeric 
Isovaleric 
3-Me Valeric 
4-Me Valeric 
Caproic 
Heptanoic 
Phenylpropionic 
Each value is the average of at least three separate determinations by 
integration of HPLC peaks. Numbers in parentheses are confirmatory 
experiments using proton NMR. 
The HPLC procedure  was a s  fo l lows:  A sample of  c r u d e  e s t e r  a t  pH 2.0 was 
i n j e c t e d  i n t o  t h e  a p p a r a t u s  (Waters 3mm, 30cm, C I S  Bondapak, 5 p a r t i c l e s )  and 
w i t h  a  pumping r a t e  of  0.8-1.0 ml/min. The p r o d u c t s  were e l u t e d  w i t h  0.05 M 
phosphate ,  pH 2,  c o n t a i n i n g  d i f f e r e n t  amounts of HPLC grade  methanol f o r  example 
( 8 %  Ac-Ala; 15% Ac-Val; 20% Ac-Leu and Ac-Phe e s t e r s ) .  A p o r t i o n  of t h e  l a r g e r  
p roduc t  peak ( 3 '  e s t e r )  was c o l l e c t e d  and l y o p h i l i z e d  t o  remove methanol ,  
r e c o n s t i t u t e d  and incuba ted  a t  25 O C  and pH 7.0 f o r  20 min t o  a l l o w  2 ' -3 '  
e q u i l i b r a t i o n .  The pH was a g a i n  dropped t o  2.0 w i t h  4  N H C 1  and t h e  sample was 
a g a i n  run  through t h e  HPLC i n t e g r a t i n g  t h e  2 '  and 3 '  peaks. From t h e  r e l a t i v e  
i n t e g r a t i o n s ,  t h e  % of each isomer and t h e  e q u i l i b r i u m  c o n s t a n t  ( % 3 '  B2' )  were 
c a l c u l a t e d .  Three  samples were run  f o r  each  amino a c i d  and t h e  S t u d e n t  T t e s t  
showed ( e x c e p t  on Ac-Ala) t h a t  t h e  D and L  samples hav ing  p  = < 0.05, i . e .  > 95% 
p r o b a b i l i t y  t h a t  t h e  D and L p o p u l a t i o n s  a r e  d i f f e r e n t .  
For t h e  p r o t o n  NMR procedure,  c r u d e  samples were r u n  through a  p r e p a r a t i v e  
C18 r e v e r s e  phage column ( 2  columns i n  s e r i e s ,  each i s  7.8 mm x 61 cm w i t h  50 
packing)  u s i n g  0.001 phosphate b u f f e r  a t  pH 2.0 w i t h  v a r y i n g  amounts of methanol 
f o r  t h e  d i f f e r e n t  e s t e r s  (30-35% f o r  Ac-Phe and Ac-Leu, 20% f o r  Ac-Val and 15% 
f o r  Ac-Ala e s t e r s )  w i t h  a  pumping r a t e  of 2.0 ml/min. A f t e r  f r e e  AMP, amino 
a c i d  imidazo le  and r e a c t i o n  s o l v e n t  (DMF) were e l u t e d ,  t h e  combined 2 '  and 3 '  
e s t e r s  were c o l l e c t e d .  The samples were a d j u s t e d  t o  pH 6.5 and l y o p h i l i z e d  t o  
d r y n e s s  and r e c o n s t i t u t e d  t o  a  c o n c e n t r a t i o n  of 3-4 m l  i n  D20, l y o p h i l i z e d  a g a i n  
and d i s s o l v e d  i n  D20 t o  g i v e  a  c o n c e n t r a t i o n  of 0.004 M a t  pD 6.5 (pD = pH + 
0.4)  and mainta ined a t  -70 O C  u n t i l  t h e  PMR assay .  The NMR was done on a  Nico- 
l e t  NMC 300 i n  t h e  p u l s e  mode accumulat ing s u f f i c i e n t  s c a n s  t o  g i v e  c l e a r  
s i g n a l s  of  t h e  H I ' ,  H z 1  and H3' pro tons  g e n e r a l l y  i n  t h e  range of 5.4-6.2 ppm. 
The H I ' ,  H z '  and H3' p ro tons  were a l l  i n t e g r a t e d  a l lowing  two independent  e s t i -  
mates o f  t h e  % 3 '  e s t e r  ( t h e r e  i s  a s e p a r a t e  H l '  s i g n a l  f o r  t h e  2 '  and t h e  3' 
e s t e r ) .  Only one PMR sample f o r  each  was run because  we mainly wanted t o  con- 
f i r m  t h a t  t h e  HPLC peaks had been g iven  t h e  p roper  i d e n t i t y .  
f o r  pur ines  (and p r i n c i p a l l y  A)  i n  t h e  f o u r t h  n u c l e o t i d e  from t h e  3 '  end of 
t RNAs . 
S t r u c t u r a l  S t u d i e s  o f  Aminoacyl E s t e r s  
-
The work proposed i n  t h e  p rev ious  s e c t i o n  would t e l l  us  d i f f e r e n c e s  i n  
2 '-3 '  d i s t r i b u t i o n  of t h e  D- and L-amino a c i d s  and c a r b o x y l i c  a c i d s .  Those 
o b s e r v a t i o n s  are of i n t e r e s t  of t h e i r  own r i g h t .  However, i t  would be even more 
d e s i r a b l e  t o  unders tand  t h e  b a s i s  f o r  v a r i a t i o n s  i n  t h e  2'-3' d i s t r i b u t i o n s .  
Why do a l l  of  t h e  L-amino a c i d s  d i s t r i b u t e  67% t o  t h e  3' p o s i t i o n ?  Why a r e  t h e  
more hydrophobic D-amino and t h e  c a r b o x y l i c  a c i d s  drawn toward t h e  2 '  p o s i t i o n ?  
I n  t h e  p rocess  of t r y i n g  t o  answer t h e s e  q u e s t i o n s ,  we might a l s o  d i s c o v e r  t h e  
molecular  b a s i s  f o r  o t h e r  a s p e c t s  of p r o t e i n  s y n t h e s i s .  For example, i n  t h e  
p rev ious  s e c t i o n  i t  was suggested t h a t  hydrophobic D-amino a c i d s  might be drawn 
toward t h e  2 '  p o s i t i o n  because i n  t h a t  p o s i t i o n  t h e i r  s i d e  c h a i n s  a s s o c i a t e  more 
c l o s e l y  w i t h  t h e  hydrophobic adenine r ing .  We have p r e v i o u s l y  noted in t ramole -  
c u l a r  a s s o c i a t i o n  of both  a l i p h a t i c  and a romat ic  s i d e  c h a i n s  w i t h  t h e  aden ine  
r i n g  i n  t h e  aminoacyl a d e n y l a t e  anhydrides  (Lacey,  e t  a l . ,  1986) and Usher and 
Needels, 1 9 8 4 ~ )  had even before  r e p o r t e d  t h e  a s s o c i a t i o n  of a l a n i n e  methyl w i t h  
t h e  "face"  o f  t h e  adenine r ing .  I f  t h e s e  a s s o c i a t i o n s  a r e  indeed t a k i n g  p l a c e ,  
t h e n  they can  a l s o  be r e s p o n s i b l e  f o r  longer  range  i n t e r m o l e c u l a r  a s s o c i a t i o n s  
i n  which l i n e a r  a r r a y s  o f  aminoacyl n u c l e o t i d e s  a r e  formed. Such a r r a y s  can 
l e a d  t o  complexes which are more l i k e l y  t o  form p e p t i d e s .  Using NMR one can 
s t u d y  i n t r a m o l e c u l a r  i n t e r a c t i o n s  a t  low c o n c e n t r a t i o n s  (e.g. 4 mmolar) and 
i n t e r m o l e c u l a r  a s s o c i a t i o n s  a t  h igh  c o n c e n t r a t i o n s  (egg .  40 mmolar). 
What we would l i k e  t o  do is  t o  use  one o r  two of  t h e s e  compounds and go 
a f t e r  t h e  s t r u c t u r e  u s i n g  NMR and X-ray d i f f r a c t i o n .  Because t h e  i n t r a m o l e c u l a r  
i n t e r a c t i o n s  a r e  s t r o n g e r  between a d e n i n e  and Phe o r  Trp,  we p ropose  t o  s t u d y  
them f i r s t .  
B e f o r e  t a c k l i n g  t h e  amino a c i d s ,  we propose  t o  t r y  t h e  c a r b o x y l i c  a c i d  ana- 
l o g s ,  phenyl-3-propionic a c i d  and indole-3-propionic  a c i d ,  because  we d o n ' t  have 
t o  worry w i t h  t h e  D and L  forms. Fur thermore ,  even though we would l i k e  t o  
e v e n t u a l l y  know t h e  s t r u c t u r e s  of t h e  e s t e r s ,  we p robab ly  w i l l  s t a r t  w i t h  t h e  
a n h y d r i d e s  ( c a r b o x y l i c  a c i d  a t t a c h e d  t o  t h e  phosphate)  t o  avo id  t h e  2'-3' 
problem,  t h e r e f o r e ,  t h e r e  is on ly  one compound t o  d e a l  w i t h .  The program would 
b e  a s  fo l lows :  
1. S y n t h e s i z e  t h e  AMP anhydr ides  of indole-3-propionic  a c i d  and 
p  henyl-3-propionic ( a n a l o g s  of Trp and Phe) u s i n g  methods we have d e s c r i b e d  pre- 
v i o u s l y  (Lacey,  e t  a l .  1984). 
2 .  P u r i f y  them u s i n g  a  combinat ion of  a c e t o n e  p r e c i p i t a t i o n  and r e v e r s e  
p h a s e  HPLC. These  p rocedures  have a l r e a d y  been worked o u t  u s i n g  a  Waters phe- 
nylbondapak column and o u r  Labora to ry  Data C o n t r o l  HPLC u n i t .  
3 .  Using a  combinat ion of  s i m p l e  PFlR and NOE e x p e r i m e n t s ,  d e t e r m i n e  a s  
n e a r l y  a s  p o s s i b l e  which p ro tons  i n  t h e  c a r b o x y l i c  a c i d  r i n g s  a r e  a s s o c i a t i n g  
w i t h  t h e  a d e n i n e  r i n g .  The program f o r  t h e  NOE has  a l r e a d y  been s e t  up and 
s a t i s f a c t o r i l y  employed u s i n g  3 l n e t h y l  e s t r o n e  a s  a t e s t  compound by i r r a d i a t i n g  
t h e  3 -methy l  p r o t o n s  and l o o k i n g  a t  t h e  e f f e c t s  o n  t h e  p r o t o n s  a t  p o s i t i o n s  2 
a n d  4. NOE enhancement of  t h e  two s i g n a l s  was observed.  With t h e  a d e n y l a t e  
d e r i v a t i v e s ,  it is  not p o s s i b l e  t o  p r e d i c t  which p r o t o n s  shou ld  be i r r a d i a t e d .  
More t h a n  l i k e l y ,  t h e  H-8 p r o t o n  of  t h e  a d e n i n e  w i l l  be most invo lved ,  b u t  
e x p e r i m e n t  w i l l  have  t o  d i c t a t e  which phenyl- and indole- p r o t o n s  a r e  most 
a p p r o p r i a t e .  Because.we a r e  i n t e r e s t e d  i n  i n t r a m o l e c u l a r  i n t e r a c t i o n s  w e  must 
r u n  a t  low c o n c e n t r a t i o n s ,  consequent ly  2 D NOE o r  NOSY exper iments  may not  be  
p o s s i b l e  due t o  t h e  expense because s o  many accumula t ions  a r e  r e q u i r e d .  
We w i l l  a l s o  a t t e m p t  t o  c r y s t a l l i z e  t h e  barium s a l t s  of t h e s e  two c a r -  
b o x y l i c  a c i d  anhydr ides .  We have p r e v i o u s l y  s t u d i e d  t h e  h y d r o l y t i c  s t a b i l i t y  of  
a  s e r i e s  of c a r b o x y l i c  a c i d  - AMP anhydr ides  and f i n d  they  a r e  q u i r e  s t a b l e  even 
a t  pH 7 (k = 1 x l ~ - ~ / / m i n ) .  The h y d r o l y s i s  c o n s t a n t  i s  a n  o r d e r  of  magnitude 
lower t h a n  t h a t  f'or Ac-Phe-AKP anhydr ide .  So t h e s e  compounds a r e  s t a b l e  enough 
t o  a l l o w  time f o r  c r y s t a l l i z a t i o n ,  e s p e c i a l l y  i f  t h e  t empera tu re  i s  k e p t  low. 
The major o b j e c t i v e  h e r e  would be t o  unders tand  t h e  i n t r a m o l e c u l a r  i n t e r a c t i o n s  
of t h e  hydrophobic s i d e  c h a i n s  of t h e  c a r b o x y l i c  a c i d s  w i t h  t h e  hydrophobic ade- 
n i n e  r i n g .  Our on ly  r o l e  i n  t h i s  would be s y n t h e s i s ,  p u r i f i c a t i o n  and 
c r y s t a l l i z a t i o n .  The X-ray d i f f r a c t i o n  s t u d i e s  would be c a r r i e d  o u t  by D r .  
C h a r l e s  Bugg's group a t  no charge  t o  our  g r a n t .  We have c o l l a b o r a t e d  w i t h  Dr. 
Bugg b e f o r e  i n  t h i s  same way t o  de te rmine  t h e  s t r u c t u r e  of t h e  barium s a l t  of 
5'-AMP ( S t e r n g l a n z  e t  a l . ,  1976). 
D r .  Bugg i s  head of our  X-ray d i f f r a c t i o n  group and i s  a s s o c i a t e  r e s e a r c h  
d i r e c t o r  of our  Comprehensive Cancer Center .  A l e t t e r  from him a g r e e i n g  t o  
c o l l a b o r a t e  i s  enclosed.  We can send a  copy of h i s  l eng thy  c u r r i c u l u m  v i t a e  i f  
t h e  r e v i e w e r s  d e s i r e .  
The r e s e a r c h  p l a n  would t h e n  be  t o  move t o  t h e  phenyl-3-propionic and 
indole-3-propionic  esters of 5'-AMP. We have a l s o  a l r e a d y  s y n t h e s i z e d  ( G o t t i k h  
e t  a l . ,  1970) and p u r i f i e d  ( u s i n g  HPLC) t h e s e  compounds r e c e n t l y .  Again, t h e  
p l a n  f o r  s t u d y i n g  t h e i r  conformat ion would i n v o l v e  NMR and c r y s t a l l o g r a p h y  a s  
proposed f o r  t h e  anhydr ides  above. 
We would t h e n  move t o  e s t e r s  of Ac-D- and L-Phe AMP and Ac-D- and L-Trp 
AMP. We have e x p e r i e n c e  w i t h  p r e p a r a t i o n  of t h e s e  compounds ( u s i n g  t h e  ami- 
noacyl  imidazo l ide  method of G o t t i k h  e t  a l . ,  1970) and t h e i r  p u r i f i c a t i o n  u s i n g  
r e v e r s e  phase (pheny l  bondapak) chromatography. That p r e v i o u s  work was For t h e  
2' -3 '  d i s t r i b u t i o n  s tudy.  For NMR and c r y s t a l l o g r a p h y  we need l a r g e r  q u a n t i t i e s  
b u t  we do  n o t  a n t i c i p a t e  any r e a l  d i f f i c u l t i e s .  The NMR and c r y s t a l l o g r a p h y  
s t u d i e s  would be c a r r i e d  o u t  a s  d e s c r i b e d  f o r  t h e  compounds above. 
The main o b j e c t i v e  w i t h  t h e s e  D- and L-aminoacyl e s t e r s  i s  t o  unders tand:  
1. Why do  a l l  of t h e  L-amino a c i d s  d i s t r i b u t e  - 67% t o  t h e  3 '  p o s i t i o n  of AMP? 
and 2. Why d o  t h e  more hydrophobic D-amino a c i d s  t end  t o  be drawn t o  t h e  2 '  
p o s i t i o n ?  
A s  mentioned p r e v i o u s l y ,  t h e  r e s u l t s  w e  have t h u s  f a r  s u g g e s t  t h a t  
hydrophobic D-amino a c i d s  and c a r b o x y l i c  a c i d  a n a l o g s  behave s i m i l a r l y  i n  t h e i r  
2 '-3 '  d i s t r i b u t i o n  on 5'-AMP. By look ing  a t  t h e  more s i m p l i f i e d  PMR s p e c t r a  of 
a  model compound l i k e  b u t y r i c  a c i d  e s t e r  of 5'-AMP ( F i g .  2 )  we can  s e e  t h a t  
when t h e  b u t y r i c  a c i d  i s  i n  t h e  2 '  p o s i t i o n  t h e  s i g n a l s  f o r  t h e  b u t y r i c  a c i d  
s i d e  c h a i n  p r o t o n s  a r e  s h i f t e d  u p f i e l d  r e l a t i v e  t o  t h o s e  of t h e  3 '  e s t e r .  
Consequently,  as a  f i r s t  e x p l a n a t i o n  we can  s a y  t h a t  hydrophobic i n t e r a c t i o n s  of 
t h e  c a r b o x y l i c  a c i d  s i d e  c h a i n s  and hydrophobic amino a c i d  s i d e  c h a i n s  w i t h  t h e  
aden ine  r i n g  a r e  g r e a t e r  when t h e s e  a c i d s  a r e  i n  t h e  2 '  p o s i t i o n .  A s  a  r e s u l t  
o f  t h e  proposed NMR and X-ray c r y s t a l l o g r a p h y ,  w e  would hope t o  come t o  a  more 
p r e c i s e  e x p l a n a t i o n  a s  t o  j u s t  where t h e s e  i n t r a m o l e c u l a r  i n t e r a c t i o n s  a r e  
t a k i n g  place .  These s t u d i e s  a r e  of p a r t i c u l a r  i n t e r e s t  r e g a r d i n g  t h e  o r i g i n  and 
e v o l u t i o n  of  p r o c e s s e s  i n v o l v i n g  t h e  3'  aminoacyla ted  t R N A  however, they a r e  
a l s o  of importance  r e g a r d i n g  o u r  long-s tanding i n t e r e s t  i n  t h e  way t h a t  amino 
a c i d s  and n u c l e o t i d e s  i n t e r a c t  w i t h  e a c h  o t h e r .  
Olieo~eotide-olieonucleotide interactions 
This particular subject was part of an earlier proposal, however, work was 
delayed on it because of the unexpected and interesting results with the 2'-3' 
distribution study which we have concentrated on for the last year and a half. 
Furthermore, we had some difficulty in purifying the oligonucleotides which were 
furnished us. Basically, the proposed program was to study the interaction of a 
tetrapeptide (phe-gly-lys-pro) with its codonic and anticodonic strands, These 
particular amino acids were chosen because they are the so-called homocodonic 
amino acids, having homogeneous codons, UUU, GGG, AAA and CCC respectively. The 
plan was to purchase the peptide and oligonucleotides, purify them and then 
study their interaction using NMR. We did purchase 1.0 gram of the peptide and 
purified it to > 97 X purity using HPLC. We have run PMR on it and assigned all 
of the peaks (Fig. 6). However, we had trouble with the oligonucleotides. 
Even after running through ion exchange FPLC, even though there is only one band 
in reverse phase chromatography, we consistently get two bands when running a 
sequencing gel ( P ~ ~  label). Difficulty with purification is apparently a common 
problem with synthetic oligonucleotides. Dr. Brian Johnson in an adjoining Lab 
is purifying oligonucleotides using preparative gel electrophoresis. He has 
offered to help us with the procedure. 
We do have on hand, 50 O.D. units of the dimeric repeats of the deoxyoligo- 
nucleotides UUGGAACC and GGUUCCAA and as soon as these are successfully purified 
we will begin the NMR study. We must first assign all of the peaks in the oli- 
gonucleotides. Then we will study the binding constants by titration of the 
oligonucleotides with the peptide. We have successf ully employed this technique 
previously (Khaled, et al., 1983; Khaled, et al., 1984) by following changes in 
I I I I , ' II' I I 
C( 
al 
.G 
Q4 
M 
0 PPM 
(V 
g 
h 
r( 
u 
cn o o a a  (r] 
O U h  b b h h  h 
I 4  C d P 4 P 4 d d d  
O a l c n  P4P4 
Fig. 6 Proton NMR spectra of  A. an equimolar mixture of  Phe, G l y ,  
Lys and Pro and B .  a 0.004 M so lut ion  o f  the tetrapeptide 
Phe-Gly-Lys-Pro a t  pD 7.0 i n  0.05 M phosphate using TSP as  
an external reference. 
e b s  h (V N(V (VCJ N 
r( P4 PI +a 
N-yJg p?; 5  G g 5 5 5  5 833 w m w ,L 
P+7 
chemical shifts of selected protons. Such titrations normally result in a 
saturation curve when plotting A6 vs. concentration. A linear plot can then be 
obtained by plotting Ad/concentration vs. A6. The slope of the resulting plot 
gives the binding constant in reciprocal moles. We believe we can follow 
changes in the position of the adenine protons due to interactions with the phe 
group in the peptide. We have already documented ring current effects of phe on 
adenine protons (Khaled et al., 1983; Khaled et al., 1984) including the pre- 
ferential association with adenine  h haled et al, 1983). 
We have recently acquired a used ORD-CD apparatus (JASCO UV 5) from Dr. 
Sidney Fox's laboratory and will also attempt to study the peptide binding to 
the oligonucleotides using this equipment. Formation of complexes can often 
cause dramatic changes in the conformations of peptides and oligonucleotides. 
These conformational changes will result in changes in the OKD and/or CD 
spectra. Again a peptide titration of the oligonucleotide would be used, 
following the resulting changes, plotting the A/concentration peptide vs. A 
gives a straight line the slope of which is the binding constant in reciprocal 
moles. 
The ORD/CD work will be contingent on our being able to get the apparatus 
working after the trip in a U-Haul truck from Miami. There is every reason to 
believe that we will be successful in that. 
After studying the dimeric repeats, we will proceed to the trimeric 
repeats, 5'-UUUGGGAAACCC-3' and 5'-GGGUUUCCCAAA-3' and proceed through the same 
steps outlined above for the dimeric repeats. Again, the major question is, 
"Which strand is preferred by the tetrapeptide, the codonic or anticodonic?" 
These studies can not only help answer the fundamental question of codonic 
or anticodonic preference, but also whether the 3/1 coding ratio has resulted 
from a preferred 3/1 ratio regarding the a-helix of peptides and the helical 
form of the nucleic acids. 
Future studies might involve trying to cocrystallize the peptide and oligo- 
nucleotides. Such a study would involve much larger quantities of the oligo- 
nucleotides, i.e. many milligrams. In trying to elucidate the basic structure 
of peptides complexes with oligonucleotides however, X-ray diffraction studies 
of crystals would be the preferred approach. 
The NMR work will be carried out by postdoctoral fellow Ralph Thomas 
(curriculum vitae enclosed) in collaboration with Dr. Charles L. Watkins of our 
Chemistry Department (letter of intent and curriculum vitae enclosed) who has 
collaborated with us a number of years now and co-authored several papers with 
us. The NMR instrument is a Nicolet 300 MHZ high resolution spectrometer that 
has been used in all of our past NMR studies. 
Peptide formation 
Weber and Orgel (1980,1981) have shown that the yield of glycine peptides 
can be increased, when starting with glycine-GMP (codonic combination) or gly- 
cine-AMP ester, if a poly C or poly U template is used. The improvement was 
small. We would like to repeat their type of experiment only using an anticodo- 
nic combination of amino acid and mononucleotide. We propose to study peptide 
formation from Phe-AMP ester. We already know from our NMR studies that the Phe 
ring - adenine interaction is taking place in these compounds and as reported 
above, Ac-L-Phe distributes 67% to the 3' position and Ac-D-Phe only 50% to the 
3' position. An interesting question is, "Is there some fundamental property of 
these esters which gives a higher yield of peptides from the L-amino acid in the 
3' position?" 
When an active aminoacyl nucleotide, such as Phe-AMP ester, is put into 
aqueous solution, it is subject to hydrolysis as well as peptide bond formation. 
We already have shown that at M, and lower, hydrolysis is the sole detec- 
table reaction. However, if we study peptide bond formation as a function of 
concentration, we should see a gradual increase in peptide yield as a function 
of concentration. This is mainly due to the increased probability of two esters 
colliding as concentration increases. 
However, in addition, there should be additional factors at work involving 
successful positioning in the transition state. We believe that if we study 
peptide yields as a function of concentration, at some point stacked arrays of 
Phe-AMP will begin to form as a result of the Phe-adenine interaction. Several 
things might result from this. The intermolecular interactions might well force 
a higher X 3' ester with the L-isomer. If this particular conformation is best 
for peptide yields, then we might see a dramatic increase in peptide yields. 
Similar experiments with the D-Phe-AMP ester would show which isomer is best 
suited for peptide bond formation. We can determine whether there are changes 
in the 2'-3' distribution of the amino acid as a function of concentration by 
using the NMR technique mentioned in the earlier study on the structure of ami- 
noacyl esters. We can then correlate peptide yields with the X 3' ester and see 
if there is a relationship there. For studying the complexation, we might use 
pD 5 (pD = pH + 0.4) to inhibit peptide bond formation. The effect of con- 
centration on the % 3' ester can also, and will, be studied using the HPLC 
method. Again, we would have to use pH 5 to inhibit peptide formation. 
U l t i m a t e l y  we w i l l  s t u d y  t h e  e f f e c t  of complexat ion of D- and L-Phe-AMP 
e s t e r s  w i t h  poly  U a s  a  template.  We have p r e v i o u s l y  determined t h e  c o n d i t i o n s  
necessa ry  f o r  forming t h e  complex. Using 10 mmolar Phe-k?lP and 20 mmolar poly U 
and 40 mmolar M~~ a t  5 " C  g i v e s  a  p r e c i p i t a t e  which c o n t a i n s  a  2 / 1  U/AMP e s t e r  
r a t i o .  Formation of  t h e  complex shou ld  a l l o w  e f f i c i e n t  p e p t i d e  fo rmat ion ,  
however, p r e v i o u s  e f f o r t s  a t  t h i s  by u s  have y i e l d e d  no pep t ides .  T h i s  means, 
we b e l i e v e ,  t h a t  we need t o  s tudy  t h e  o p t i m a l  c o n d i t i o n s  f o r  p e p t i d e  f o r m a t i o n  
from t h e  Phe-AMP-ester be fo re  w e  a t t e m p t  t h e  t empla t ing .  pH i s  probably  a  major 
v a r i a b l e ,  b u t  d i v a l e n t  c a t i o n  c o n c e n t r a t i o n  c o u l d  w e l l  be a n o t h e r  impor tan t  one. 
For  t h i s  s t u d y  we would, a t  a  f i x e d  c o n c e n t r a t i o n ,  s tudy  t h e  e f f e c t  of pH from 
pH 5 t o  9 o n  p e p t i d e  y i e l d s  w i t h  no added c a t i o n  and then  a t  t h e  optimum pH, 
s t u d y  t h e  e f f e c t  of  varying M ~ *  from z e r o  t o  50 mmolar. P e p t i d e  y i e l d s  from 
a l l  of  t h e s e  s t u d i e s  can be followed u s i n g  r e v e r s e  phase HPLC. We have worked 
o u t  t h e  c o n d i t i o n s  f o r  d e t e c t i n g  s i z e s  up th rough  t h e  t e t r amer .  
Although t h e  exper iments  w e  have d e s c r i b e d  s o  f a r  were w i t h  s e p a r a t e  D- o r  
L-amino a c i d  i somers ,  i t  would be very  i n t e r e s t i n g  t o  s tudy  a  mix tu re  of D- and 
L-Phe AMP esters, de te rmin ing  t h e  compos i t ion  of  t h e  p e p t i d e  p roduc t s  a f t e r  
p u r i f y i n g  them w i t h  HPLC. We a l r e a d y  have a  procedure  f o r  t h i s  u s i n g  D-amino 
a c i d  o x i d a s e  and a n a l y z i n g  t h e  a c i d  h y d r o l y s a t e .  The procedure  r e q u i r e s  1  mole 
of p a m i n o  a c i d  i n  1.0 m l  H20 added t o  2.0 m l  o f  a s s a y  s o l u t i o n  c o n t a i n i n g  20 mg 
c r u d e  D-amino a c i d  ox idase  @ pH 8.2 i n  0.02 M pyrophosphate.  H202 and c a t a l a s e  
may be  added t o  speed up t h e  r e a c t i o n  however, even  wi thou t  t h e i r  a d d i t i o n ,  i t  
w i l l  g o  t o  comple t ion  i n  about  30 minutes.  With pheny la lan ine ,  one can  f o l l o w  
t h e  f o r m a t i o n  of phenylpyruvate  by m o n i t o r i n g  t h e  absorbance a t  280 nm. The * 
280 i s  approx imate ly  0.1 absorbance u n i t s  p e r   mole of  D-phe. The b a s i c  proce- 
d u r e  would be t o  form t h e  p e p t i d e s ,  s e p a r a t e  them from AMP and phe u s i n g  HPLC, 
l y o p h i l i z e  down, hydro lyze  o v e r n i g h t  i n  6n H C l  @ 110 "C i n  a  s e a l e d  ampoule, 
e v a p o r a t e  t o  remove H C L ,  r e c o n s t i t u t e  and a n a l y z e  f o r  t h e  t o t a l  phe ( n i n h y d r i n  
a s s a y  o r  HPLC) and f o r  t h e  amount of D isomer u s i n g  D-amino a c i d  ox idase .  
One would hope t h a t  some c h i r a l  s e l e c t i v i t y  would be observed i n  t h e s e  s t u -  
d i e s ,  g i v i n g  u s  a n o t h e r  p i e c e  of  i n f o r m a t i o n  a s  t o  why L-amino a c i d s  a r e  pre- 
f e r r e d  i n  p r o t e i n  s y n t h e s i s .  
t R N A  e v o l u t i o n  
-
The c o r r e l a t i o n  o f  hydrophob ic i ty  r a n k i n g s  of amino a c i d s  and t h e i r  a n t i c o -  
d o n i c  d i n u c l e o t i d e s  (Fig .  7 )  shows t h a t  f o u r  a s s ignments ,  Trp ,  Tyr ,  I l e  and t h e  
XGA an t i codons  f o r  Se r  do no t  c o r r e l a t e .  We had e a r l i e r  sugges ted  (Lacey and 
Mul l ins ,  1983) t h a t  t h e s e  ass ignments  were made l a t e  i n  e v o l u t i o n  based on muta- 
t i o n s  o f  e x i s t i n g  t R N A s ,  o r  rRNAs, a f t e r  t h e  p r o c e s s  of p r o t e i n  s y n t h e s i s  had 
been e s t a b l i s h e d .  I f  t h a t  were t r u e ,  t h e n  t h e s e  r e c e n t  t R N A s  should  show h i g h  
homologies w i t h  t h e  RNA molecules  from which they were der ived.  Fur thermore  
t h e r e  should  be some l o g i c  a s  t o  which t r i p l e t s  were used i n  t h e s e  l a t e  a n t i c o -  
d o n i c  ass ignments .  Regarding t h e  l a t t e r  p o i n t  f i r s t ,  i f  one p l o t s  t h e  hydropho- 
b o c i t y  rank ings  of t h e  o r d e r e d  d i n u c l e o t i d e s  (Fig .  8) i t  is obvious  t h a t  some of  
t h e  rank ings  over lap .  P a r t i c u l a r l y  n o t i c e a b l e  is  t h e  o v e r l a p  of  AU ( I l e )  and GA 
( S e r )  b u t  a l s o  CA and UA o v e r l a p  GU. We a r e  s u g g e s t i n g  t h a t  because of ambi- 
g u i t y  r e s u l t i n g  from o v e r l a p p i n g  p r o p e r t i e s  XAU, XGA, XCA and XUA were n o t  used 
a s  a n t i c o d o n s  f o r  amino a c i d s  e a r l y  i n  e v o l u t i o n  and were t h e r e f o r e  a n t i c o d o n i c  
e q u i v a l e n t s  of  t e r m i n a t o r  codons. P a r t i a l l y  s u p p o r t i n g  t h i s  argument i s  the 
f a c t  t h a t  XCA and XUA s t i l l  r e p r e s e n t  t h e  a n t i c o d o n i c  e q u i v a l e n t s  of  a l l  contem- 
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~ i g .  7 The average ranked hydrophobicity of the amino acids aa a function of the average ranked hydrophobicity of 
their corresponding anticodonic dinucleoride monophoaphatea representing poritionr Y and 2 of their anticodona 
XYZ 1.e. the anticodonic equivalent of the wobble codonic poaitlon ia not included. W e  rtandrrd single letter 
abbreviations for the amino acida are ueed. Amino acids vith accompanying numberr are thore vhich poraera two 
sets of anticodonic assignments. The correlation coefficient for those points within the outlined band ia 0.97 
(from Lacey and Mullina. 1983). 
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pig. 8 Avarrge hydrophobicity ratings of the four orderd familler of dinuclwride wnopborphater. The o w n  circler 
correapod to thore u i n o  acid anticodon doublet a r m i g n ~ o t a  which do not fit the correlrtloa of Pig. 7 (rer 
XCA, trp, t v  and 1.). 
p o r a r y  t e r m i n a t o r s . .  These p a r t i c u l a r  f a m i l i e s  then  r e p r e s e n t e d  g roups  of  unused 
a n t i c o d o n s  which could  be a s s i g n e d  a t  a  l a t e r  d a t e .  Because t h e  p r o t e i n  synthe-  
s i s  a p p a r a t u s  was a l r e a d y  e s t a b l i s h e d ,  t h e  s i m p l e s t  and most l i k e l y  s o u r c e  f o r  
new t R N A s  was through mutat ion of e x i s t i n g  t R N A s ,  o r  p o s s i b l y  5 s  rRNA. We had 
e a r l i e r  shown t h a t  one of t h e s e ,  E. c o l i  tEWATYr p r e c u r s o r ,  which i s  120 
- -  
n u c l e o t i d e s  long ,  h a s  q u i t e  h i g h  homology w i t h  E .  c o l i  5s rRNA ( ~ u l l i n s  e t  a l . ,  
-- 
1973)  and w e  sugges ted  t h a t  t h e  two molecules  a t  l e a s t  had a  common a n c e s t o r .  
We s u b s e q u e n t l y  showed t h a t  E. c o l i  ~ R N A I ~ ~  1 and 2  have very  h i g h  homology w i t h  
7- 
E .  c o l i  ~ R N A " ~ ~  and E. c o l i  ~ R N A L Y ~  r e s p e c t i v e l y  and sugges ted  t h a t  t h e  I l e  
-- -- 
tRNAs were d e r i v e d  from ~ R N A " ~ ~  and ~RNALYS ( S t a v e s  e t  a l . ,  1987).  We have 
a l s o  shown t h a t  E. c o l i  ~ R N A T ~ P  h a s  h i g h  homology w i t h  and a p p e a r s  t o  have been 
-- 
d e r i v e d  from E. c o l i  t ~ ~ ~ G l ~  5  ( S t a v e s  e t  a l . ,  1987). Consequent ly ,  t h e r e  seems 
-- 
e v i d e n c e  t h a t  t h r e e  of t h e  n o n - c o r r e l a t i n g  amino a c i d s  were g i v e n  t h e i r  a s s i g n -  
ments l a t e  i n  e v o l u t i o n .  F u r t h e r  ev idence  e x i s t s  r e g a r d i n g  Ile. S t u d i e s  have 
shown i t  i s  very  slow t o  r e a c t  i n  t h e  e s t e r i f i c a t i o n  of  5'-AMP ( M u l l i n s  and 
Lacey, 1986) and poly A (Lacey,  e t  a l . ,  1985). Furthermore,  I l e  i s  one of  t h e  
two amino a c i d s  having two asymmetric c e n t e r s .  Thr i s  t h e  o t h e r  one. 
T h e r e f o r e ,  i t  would seem t h e  e v o l u t i o n  of enzymes t o  s y n t h e s i z e  and u t i l i z e  I l e  
might have t a k e n  more t i m e  t h a n  most. Regarding Trp  and Tyr,  t h e y  a r e  s t i l l  two 
of  t h e  l e a s t  f r e q u e n t l y  used amino a c i d s  (Schwartz e t  a l . ,  1976). 
Mark S t a v e s ,  who r e c e n t l y  r e c e i v e d  h i s  PhD from t h e  Botany Department,  
U n i v e r s i t y  of  Texas, Aus t in ,  w i l l  be beginning a p o s t d o c t o r a l  f e l l o w s h i p  w i t h  m e  
November 1, 1987. The Department of  Biochemis t ry  a t  UAB w i l l  be f u r n i s h i n g  t h e  
m a j o r i t y  of  t h e  funds  f o r  t h e  f i r s t  y e a r  of t h i s  f e l l o w s h i p  u n t i l  October  31, 
1988. H i s  cu r r i cu lum v i t a e  i s  enclosed.  
With S t a v e s '  a r r i v a l  I hope t o  pursue more v i g o r o u s l y  s e v e r a l  a s p e c t s  of  
t R N A  e v o l u t i o n .  F i r s t l y ,  we w i l l  s tudy  t h e  e v o l u t i o n  o f  -- E.  c o l i  ~ R N A S ~ ~  XG*, 
t h e  o t h e r  n o n - c o r r e l a t i n g  ass ignment .  Comparison w i l l  be made w i t h  o t h e r  - E.  
c o l i  t R N A s  look ing  f o r  h igh homologies. I f  none a r e  found we w i l l  t hen  c o n s i d e r  
E. c o l i  5s r R N A  a s  a p o s s i b l e  source .  Computer programs (Goad and Kanehisa,  
-- 
1982) t h a t  were used f o r  t h e  p rev ious  s t u d i e s  w i l l  be used f o r  t h e s e  s t u d i e s  
a l s o .  
We would t h e n  l i k e  t o  c o n s i d e r  two more g e n e r a l  q u e s t i o n s  and f i n a l i z e  o u r  
work on those .  One h a s  t o  do w i t h  a s tudy  of t h e  compos i t ion  of tRNAs.  Is 
t h e r e  some s y s t e m a t i c  v a r i a t i o n  i n  t h e  composi t ion of  tRNAs as a f u n c t i o n  of t h e  
k i n d  of amino a c i d  coded f o r  by t h e  tRNAs? For example, do  t h e  tRNAs f o r  
hydrophobic amino a c i d s  have more of t h e  hydrophobic n u c l e o t i d e ,  A, t h a n  avera-  
g e ?  Another,  perhaps  more d i r e c t  q u e s t i o n  is ,  "Is t h e  a n t i c o d o n  repea ted  i n  
o t h e r  p a r t s  of  t h e  tRNA?" The tRNA sequences a v a i l a b l e  th rough  1985 have 
a l r e a d y  been s t o r e d  i n  our  computer ( f loppy  d i s k )  and we have purchased a 
program f o r  a n a l y z i n g  a l l  tRNAs f o r  composi t ion,  f r equency  of  d i n u c l e o t i d e  
r e p e a t s ,  e t c .  I n  f a c t ,  most of t h i s  work has  been completed b u t  t h e  accum- 
mulated d a t a  needs now t o  be analyzed.  This  work i s  r a t h e r  s t r a i g h t  forward. 
Our major e f f o r t  on  tRNA e v o l u t i o n  however, w i l l  c e n t e r  around a n  unusual  
and perhaps  r e v o l u t i o n a r y  i d e a ,  t h e  p o s s i b i l i t y  t h a t  t h e r e  was e a r l y  i n  evolu- 
t i o n  a u n i v e r s a l  tRNA i.e. a s i n g l e  RNA molecule t h a t  c o u l d  s e r v e  a s  a n  a d a p t o r  
f o r  a l l  amino a c i d s ,  perhaps  o n l y  recogn iz ing  them as classes of  amino a c i d s  
r a t h e r  than  as s p e c i f i c  amino a c i d s .  Our c a n d i d a t e  f o r  t h a t  molecule  is a pre- 
c u r s o r  of today ' s  5 s  rRNA. There  a r e  s e v e r a l  r e a s o n s  f o r  t h i s  s e l e c t i o n .  
F i r s t ,  i s  t h e  f a c t  t h a t  -- E. c o l i  tIZt4ilTYr p r e c u r s o r  and s e v e r a l  o t h e r  mature  tRNAs 
a r e  h i g h l y  homologous wi th  E .  c o l i  5s r R N A  a c r o s s  t h e  e n t i r e  l e n g t h  of both  
-- 
molecules  ( M u l l i n s  e t  a l . ,  1973). Secondly ,  t h e  two ends  of 5s r R N A  base p a i r  
j u s t  a s  do t R N A s .  T h i r d l y ,  5s r R N A  has  i n  i t  r e g i o n s  which a r e  q u i t e  homologous 
w i t h  t h e  DHU and T$C loops i n  t R N A s .  These r e g i o n s  a r e  f a i r l y  w e l l  conserved i n  
t R N A s  ( S t a v e s  e t  a l . ,  1987a). F o u r t h l y ,  t h e  5 s  r R N A  s t i l l  i s  a n  i n t e g r a l  p a r t  
of  p r o t e i n  s y n t h e s i s  though i t s  f u n c t i o n  i s  n o t  known. That 5s rRNA and t R N A  
might have a  common o r i g i n  i s  sugges ted  by t h e  f a c t  t h a t  i n  e u k a r y o t e s  bo th  a r e  
s y n t h e s i z e d  by RNA polymerase 111. L a s t l y ,  l o o k i n g  a t  t h e  way t h e  E.  c o l i  
-- 
~ R N A ~ ~ ~  i s  homologous w i t h  E.  c o l i  5 s  rRNA s u g g e s t s  how t h e  5s rRNA ( o r  a  pre- 
-- 
c u r s o r )  cou ld  g i v e  r i s e  t o  many, i f  no t  a l l ,  of  t h e  tRNAs. I n  Fig. 9  we show 
t h e  5 s  rRNA could  be processed t o  g i v e  mature E. c o l i  ~ R N A ~ ~ .  Because t h e  DHU 
-- 
and T$C l o o p s  a r e  necessary  i n  a l l  t R N A s ,  t h e  beg inn ing  p o i n t  on t h e  c i r c l e  
c o u l d  be t h e  same f o r  a l l  t R N A s ,  bu t  d i f f e r e n t  a n t i c o d o n  loops  and s tems and 
v a r i a b l e  l o o p s  cou ld  be ob ta ined  by s e l e c t i v e l y  p r o c e s s i n g  t h e  i n t e r v e n i n g  
. , 
r e g i o n s  a s  shown. 
I n t e r e s t i n g l y  many of t h e  known i n t r o n s  i n  tRNAs f a l l  i n  t h e  v i c i n i t y  of  
t h e  an t i codon  s tem and loop and v a r i a b l e  loop.  
P r e l i m i n a r y  work does show t h a t  t h e  h i g h e s t  homology between t R N A s  and 5s 
r R N A s  i s  i n  t h e  r e g i o n s  t h a t  r e p r e s e n t  t h e  DHU and T$C loops  (Fig .  10). T h i s  
s u g g e s t s  t h a t  now w e  look a t  t h e  a n t i c o d o n  s t e m  and l o o p  and v a r i a b l e  loop  
r e g i o n s  of tRNAs and look  f o r  homologies w i t h  t h e  r e g i o n s  100-120 and 1-17 of  
t h e  5 s  rRNA. 
E v a l u a t i o n  of  t h i s  w i l l  t a k e  some e x p l o r i n g  and pe rhaps  r e d i r e c t i o n  a f t e r  
more d a t a  a r e  ob ta ined .  
Laboratory equipment and space available 
Beckman L-2 Ultracentrifuge 
International Centrifuge 
Laboratory Data Control HPLC apparatus 
Waters HPLC apparatus 
Nicolet 300 MHZ Spectrometer 
Cary 219 UV-visible Spectrophotometer 
JASCO ORD /CD UV5 ' Spectropotarimeter 
Beckman DU Spectrometer 
Beckman DBG Spectrometer 
LKB fraction collector 
ISCO fraction collector 
Digital readout 3 decimal place pH meter, custom made 
Various water baths (refrigerated) 
Packard Radiochromatogram Scanner, Model 7201 
Searle Scintillation Counter, Delta 300 
BRL Vertical slab get electrophoresis apparatus and power supply 
Refrigerators and freezers 
Labconco Freeze Dryer 5 
Ample laboratory glassware, etc. 
Cold room, 100 sq. it. 
Laboratory, 400 sq. ft. 
Laboratory 160 sq. ft. 
Laboratory 100 sq. ft. 
Two off ices, 100 sq. f t. each 
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